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1 cell size , diffusion and transport
Living organisms show a remarkable variation in sizes, yet the dimensions
of a typical cell are surprisingly similar across species. In nearly all plant-
like multicellulars the constituent cells measure 10-100 µm. Animal cells,
whilst generally somewhat lesser in size to their plant counterparts fall into
a similar range. Single-cellular prokaryotes are yet smaller, with bacteria
like E. coli weighing in at just over 1 µm and 0.2 µm accepted as the lower
size limit of cellular life.us outside of a few notable exceptions the over-
whelmingmajority of organisms have cell sizes in the range 1-100 µm.One
of the big open questions in biology is what underlyingmechanismhas de-
termined the evolution of this relatively well-conserved length scale.
e fact that very few cells are larger than 100 µmsuggests that this typ-
ical size may reect physical constraints, such as the diusive range over
which two metabolites can be reliably expected to interact. In this context
the outliers that do show larger cell sizes provide key counterexamples,
prompting the question in what way these species have managed to com-
pensate for any problems associated with an increasing cell size, and what
utility this design provides in an evolutionary context.
In some cases large sizes are found in cells with a highly specialised
role. e nerve bres in our body can reach lengths of several feet. An
extreme example is the giant squid axon, that can have a diameter up to
1 mm, improving the propagation speed of their action potentials which
ultimately facilitates a faster escape response. In other cases, single-cellular
organisms have evolved to a large size and complexity. Examples of this
are the protozoa Paramecium, which can reach sizes of 350 µm, and the
trumpet-shaped Stentor which can be as large as 2 mm. Arguably even
more developed is the algae Acetabularia, a single-cellular organism that
grows into a plant-like stalk that can be as long as 10 cm. Finally there are
the characean algae, a family of plant-like weeds whose segmented stems
are built up out of cylindrical internodal cells of 200-1000 µmdiameter and
lengths that can exceed 10 cm.
What the cells in the above examples have in common is that they each
show active forms of internal transport, driven by themovement ofmolec-
ular motors along intracellular laments that make up the cytoskeleton.
is motion is oen called tracking when it involves targeted transport
of individual organelles and vesicles. If this motion results in a continu-
ous circulation of the cellular uid, it is called Cytoplasmic streaming, or
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Figure 1.1 Examples of species exhibiting cytoplasmic streaming. (a) Chara (b)
Elodea (c)Micrograph of cells in an Elodea leaf (d) Acetabularia.
sometimes also cyclosis. Streaming is found in many types of larger eu-
karyotic cells, particularly in plants. Patterns of circulation take various
shapes and can be very steady. Cytoplasmic streaming has long been con-
jectured to aid in overcoming the slowness of diusion on long length
scales, thereby increasing internal mixing and aiding the cell’s ability to
maintain homoeostasis, the stable supply of metabolites under uctuating
levels of uptake and demand.
e central objective of our research on this subject is to quantify uid
dynamical aspects of this form of circulation and elucidate its role in en-
hancing metabolic rates, ultimately developing an understanding of how
streamingmay help overcome the physical limits associated with large cell
sizes.
is project has been a collaborative undertaking betweenLeidenUni-
versity, where the author has been supervised byWimvan Saarloos and the
lab of Ray Goldstein at the University of Cambridge, where a large part of
the work presented in this thesis was carried out. A number of collabo-
rators have been involved at various stages of this project.ey are Idan
Tuval, Marco Polin, Cyril Picard, Andy Sederman and Vasily Kantsler.
1.1 Cytoplasmic Streaming in Green Algae and Higher Plants
Cytoplasmic streaming as a phenomenon has been known for more
than two centuries, with the rst observations attributed to thework of Bo-
naventura Corti in 1774. It occurs in a range of cell types and is found in a
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variety of organisms including amoebae, protozoa, fungi and slimemolds,
though most commonly in plants and their highest genetic predecessors,
the Characean algae (see reviews by Kamiya (1959, 1962, 1981) as well as
Allen and Allen (1978a,b)).
In the case of the latter two, a large corpus of research over the last
5 decades has established that streaming results from the action ofmyosin
motor proteins.esemolecular motors attach to organelles, particles and
vesicles pull these structures along tracks of actin laments, entraining the
cytoplasm (for an overview, see Shimmen (2007) as well as Shimmen and
Yokota (2004)). Actin is a polar lament, along which myosin moves in
a well-dened direction. e form of circulation that arises is therefore
determined by the topology of the actin network.
ough the mechanics underlying cytoplasmic streaming have been
studied extensively, there is relatively little insight as to its biological func-
tion.Anumber of authors,most notably Pickard, have suggested that strea-
mingmay serve to enhancemetabolic rates in large cells, where timescales
for diusion become prohibitively large (Pickard, 1974, 2003; Hochachka,
1999).e central objective of this research is to make these ideas specic,
by focusing on uid dynamical aspects of streaming, combiningmodelling
with modern experimental techniques such as PIV, microrheology and
NMR based velocimetry.
In a wider context, it is becoming more and more apparent that many
transport processes in cells require explanation (Hochachka, 1999; Agut-
ter et al., 2000; Agutter and Wheatley, 2000). In the past, a simplied
picture of a cell as a watery bag of enzymes has oen been invoked for
lack of a more detailed model.is metaphor is now making way for the
notion of the cytoplasm as an environment that is both highly crowded
and highly structured.ermal motion is oen sub-diusive (Banks and
Fradin, 2005; Golding and Cox, 2006) and the cytoskeleton has being im-
plicated in various forms of targeted transport (Dinh et al., 2006; Snider
et al., 2004; Maly, 2002; Smith and Simmons, 2001). Our work on cyto-
plasmic streaming can in this sense be seen as part of a broader eort to
understand the interplay between spatial and biochemical aspects of cel-
lular metabolism.
Cytoplasmic streaming is customarily classied into twomajor groups.
e term amoeboid streaming is used to denote forms cytoplasmicmotion
that induce changes in cell form, the best known of which is probably shut-
tle streaming found in slime molds (Kamiya, 1959, 1981; Allen and Allen,
1978b). Our focus here is on non-amoeboid streaming, which is generally
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Figure 1.2 Schematic illustrations of streaming topologies. (a) Saltation (b) Cir-
culation (c)Reverse-fountain streaming (d)Multistriate streaming (e)Rotational
streaming.
divided into 5 classes based on visually apparent phenomenology, as orig-
inally identied by Kamiya (1959) (see also Allen and Allen (1978a) and
Pickard (2003)).e best studied by far of these is the rotational streaming
found in characeans, which is the subject of this thesis andwill be reviewed
in detail in the next chapter. Other forms of streaming commonly identi-
ed are saltation, circulation, fountain streaming and multistriate stream-
ing. We will briey describe each of these patterns of circulation.
· Saltation, sometimes also known as glitschbewegung or agitation, is the
most widespread form of cytoplasmicmovement (Kamiya, 1959; Allen and
Allen, 1978a), characterised by apparently random jumps of cytoplasmic
particles over distances much larger than those corresponding to thermal
uctuations. Displacements can be as large as 100 µm. Microtubules are
possibly implicated in this form of streaming, since very active saltation is
observed near spindles, within centrosomes and adjacent to microtubular
organelles (Allen and Allen, 1978a).
· Circulation takes the form of movement along the cell wall and strands of
cytoplasm transecting the vacuole. Circulation patterns are typically stable
on the timescale of minutes, and evolve as transvacuolar strandsmove and
branch. Both unidirectional and bidirectional movement are known and
velocities can be as large as 40 µm/s. Cells exhibiting circulation include
hair cells in various plants such as Urtica (stinging nettle), and parenchy-
mal (i.e. bulk) cells in Allium (the onion genus), as well as the leaf cells of
the water plant Elodea (Kamiya, 1959; Allen and Allen, 1978a).
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· Fountain streaming is circulation where the cytoplasmmoves along a cen-
tral axis, owing back in the opposite direction along the cell wall.Reverse-
fountain streaming exhibits an inward motion along the central axis and
is the more common of the two (Kamiya, 1962; Allen and Allen, 1978a).
In some cell types it is a developmental stage towards rotational stream-
ing. True fountain streaming is typically found in pollen tubes of various
plants.
· Multistriate streaming is found in the fungus Phycomyces and in the ma-
rine algae Acetabularia.e cells of Acetabulria have a cylindrical stalk
that is several centimetres in length, containing a large vacuole separated
by a tonoplast from a thin layer of cytoplasm, at the periphery. Stream-
ing occurs in both directions along channels separated by stationary cyto-
plasm (Allen and Allen, 1978a). Some forms of circulation could arguably
be seen asmultistriate streaming, such in themarine algaeCaulpera, where
streaming forms 100 µm wide bands wherein les of chloroplasts stream
bidirectionally in a circadian rhythm (Allen and Allen, 1978a).
1.2 Flow and Diusional Limits at the Cellular Scale
To understand how these types of circulation processes might help
overcome the limits of diusion at large length scales, we will rst take
some time to explore the basic dynamics that govern ows and diusive
transport around microorganisms. As E.M. Purcell famously observed in
his paper Life at Low Reynolds Numbers (1977), diusion and uid motion
behave in ways that are oen contrary to physical intuition when exam-
ined at the cellular scale. A fundamental property of ows in this regime
is that inertia plays no role. Moreover the diusive motion of individual
molecules is relatively large compared to typical displacements.
To understand the physical constraints that microscopic organisms
have to contend with, we will discuss the implications of both these con-
cepts in a little further detail. Let us start by examining what it means to
have a uid where inertia plays no role.e ow eld v of a liquid with
constant density ρ must satisfy two basic equations.e rst is that the
velocity eld v has a zero divergence everywhere:
∇ ⋅ v = 0 . (1.1)
is ensures that no mass can accumulate at any point in space, thereby
fullling the condition that the density of the uid is constant. Given this
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requirement, the balance of forces is then given by a second equation:
ρ (∂v
∂t
+ v ⋅ ∇v) = −∇p + η∇2v . (1.2)
e term (∂tv+v⋅∇v) has dimensions [m/s2] and can be interpreted as the
local acceleration in the advective frame of the ow, sometimes known as
the acceleration in a Lagrangian frame.e le hand side of the equation
therefore takes the form of a mass density times an acceleration and can
be interpreted as the force per volume associated with this acceleration.
e right hand of the equation gives the force density associated with the
pressure gradients ∇p and the viscous drag η∇2v.e parameter η that
determines the magnitude of the drag term is known as the viscosity of the
uid.
e relative strength of each of these terms can be examined bywriting
the equations in their dimensionless form. For any problem we can choose
a typical scale V for the velocity variations we are interested in, as well
as a typical length R over which the velocity eld varies signicantly. Us-
ing these two typical values, we can rescale the coordinates, velocity and
pressure as:
r = Rr˜ , v = V v˜ , t = R
V
t˜ , p = ηV
R
p˜ . (1.3)
Aer this substitution, the derivatives map to
∇ = 1
R
∇˜ , ∂
∂t
= V
R
∂
∂ t˜
. (1.4)
Equation (1.2) then takes the form
Re(∂v˜
∂ t˜
+ v˜ ⋅ ∇˜v˜) = −∇˜p˜ + ∇˜2v˜ , Re = ρVR
η
. (1.5)
In this dimensionless form, all terms in the equation should be expected
to be order one, since they have been renormalised with respect to their
typical values.e only exception is the dimensionless ratio Re.is pa-
rameter, which is known as the Reynolds number, determines the relative
strength of the acceleration term with respect to the rest of the equation.
It increases with the typical velocity and length scale, and decreases with
the viscosity.
Let us take a moment to interpret the implications of this result.e
above equation tells us that any ow problem in an incompressible uid to
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which a well-dened scale can be assigned is fully determined by a single
dimensionless parameter Re, no matter how large or small an object, and
regardless of the viscous properties of the uid it moves in. For example,
if we want to study the ow around a new ship we have designed, we can
build a model to a scale of 1 ∶ 100 and compensate by increasing the ow
speed by a factor 100. Since Re only depends on the product of V and R,
the ow eld around themodel should be exactly the same as the ow eld
around the full sized ship, aside from two trivial scaling factors R and V .
e Reynolds number also tells us how ows will change in nature as
we approachmicroscopic scales.e viscosity of an incompressible uid is
oen expressed as the ratio ν = η/ρ, a quantity known as the kinematic vis-
cosity. For water, it lies around 10−6m2/s, or 106 µm2/s. A human swimmer
has a velocity around 1 m/s, and would therefore have a Reynolds number
of order Re = 106. On the other hand, a bacterium 1 µm in size, swimming
at 10 µm/s, would have a Reynolds number of order Re = 10−5.us ows
on a human scale are inertia dominated, whereas ows on a microscopic
scale are almost entirely viscous.
What this means is thatmicroorganisms inhabit a completely dierent
regime of uidmechanics, where our intuitions shaped by life in a high Re
world do not apply. When we swim, we gain momentum by eectively
‘pushing’ ourselves o with our stroke and subsequently glide through the
water during recovery. For a bacterium, the coasting length aer the end
of a stroke is about 0.1 A˚ (Purcell, 1977). Movement at microscopic scales
is therefore essentially inertia free: all displacements are an instantaneous
response to movements of the organism.
is means that if you are not careful about how you swim, you might
end up exactly where you started at the beginning of the stroke. An exam-
ple oen quoted in this context is the swimming technique of a scallop,
which propels itself by quickly shutting its shell, squirting out a jet of wa-
ter. At a zero Reynolds number this stroke would just not work, as the
scallop would push itself forward when closing, but then precisely reverse
its motion when opening up again.
In a mathematical sense this regime is the limit where the ow eld
adjusts adiabatically to a change in boundary conditions. When Re = 0
equation (1.5) reduces to
0 = −∇˜p˜ + ∇˜2v˜ . (1.6)
is form, oen called the Stokes Flow equations, is linear and therefore
reversible in time, since a reverse motion is mathematically be equivalent
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to a mapping t ↦ −t and v ↦ −v. Any type of motion similar to that of the
scallop, which is characterised by a reciprocalmotionwhere the recovery is
simply the reverse of the stroke, will therefore lead to no net displacement.
is reversibility also has fundamental implications for spreading of
nutrients. In our world of high Re ows, stirring of a uid induces turbu-
lence and irreversible mixing.ink of stirring milk into a glass of tea for
example. Stirring clockwise and then counterclockwise will not return the
uid to its previous unmixed state.is is very dierent for Stokes ows
as was famously illustrated by Taylor (1966). If a drop of dye is placed in a
highly viscous uid that is then deformed by shear, it can be stretched out
until it is no longer visible to the naked eye. Yet if the shearing motion is
reversed, the drop will return its original form.
For a microorganism looking for food, life in a low Re world diers
signicantly from that at macroscopic length scales. Aside from the fact
that it needs to adjust its swimming technique and lives in an environ-
ment wheremixing is largely reversible, a bacterium also needs to contend
with the fact that the diusive motions of the molecules that surround it
easily dominate over its own movement. One might suppose that a bac-
terium swims to improve its nutrient uptake, much in the way a whale
swims through water to pick up plankton. However at scales of individual
cells this strategy is not necessarily productive.
To see why this is true, we will make a rough estimate for how much
swimming could improve nutrient uptake at small scales.e diusion of
a solute in the presence of a ow is described by the so-called advection-
diusion equation
∂tρ + (v ⋅ ∇)ρ = D∇2ρ. (1.7)
Let us calculate the nutrient ux intoE. coli, assuming for the sake ofmath-
ematical convenience that this bacterium is a perfect sphere of radius R in
an environment with nutrient concentration ρ0. We will also assume that
E. coli is able to extract all nutrients near its surface. In otherwords, the sur-
face of the sphere is a perfect sink that maintains concentration ρ = 0.is
sink will create a depletion layer around the surface of the cell. Assuming
for the moment that there is no ow, the concentration around the organ-
ism will only be a function of the radial coordinate r, so the steady-state
concentration prole will be determined by the equation:
0 = ∇2ρ = 1
r2
∂
∂r
(r2 ∂ρ
∂r
) → ρ(r) = A
r
+ B . (1.8)
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Given that ρ(0) = 0 and ρ(∞) = ρ0, the concentration prole around the
cell must therefore take the form:
ρ(r) = ρ0 (1 − R/r) . (1.9)
e diusive ux Fdi into the cell under these conditions is
Fdi = D∇ρ = D ∂ρ∂r ∣r=R = Dρ0R . (1.10)
Now for a bacteriummoving at velocity V , an upper bound for the advec-
tive ux is given by
Fadv = ρ0V . (1.11)
e relative strength of these two contributions is
Fadv/Fdi = VR/D (1.12)
E. coli swims at about 30 µm/s and let’s say that its radius is 1 µm. Typical
small molecules have a diusion constant of about 1000 µm2/s.We see that
the relative strength of the advective to diusive ux is about
Fadv/Fdi = 0.03 . (1.13)
Of course this analysis is highly simplied, since it is based on upper
bounds for both uxes. In order to treat this problem in a more precise
manner, we would have to solve the actual advection-diusion problem.
As is the case with the hydrodynamic equations, we can rescale the
advection-diusion equation with respect to a typical length R and veloc-
ity V .e resulting dimensionless is parametrised by a single dimension-
less ratio known as the Pe´clet number
∂ t˜ρ + Pe(v˜ ⋅ ∇˜)ρ = ∇˜2ρ, Pe = VR/D. (1.14)
e Pe´clet number is precisely equal to the ratio Fadv/Fdi we just derived,
built up of a typical velocity, length and diusion constant. When it is
small, diusive uxes dominate and when it is large advective uxes are
strongest.
So it turns out bacteria do not only live a life at a lowReynolds number,
they also live in a world where the Pe´clet number is small. We will discuss
1.3 Life at High Pe´clet Numbers 11
the eect of ow on diusion further in the next section. But the conclu-
sion we can draw for microscopic organisms is that swimming should not
be expected to increase nutrient uptake signicantly. Basically, if you are
E. coli, then waiting around for your food to come to you is essentially as
ecient as swimming around to get it.
It was this observation by Purcell (1977) that lead him to hypothesize
that E. coli does not swim around to extract more nutrients from its envi-
ronment. Rather, it swims to discover an environment more rich in nutri-
ents. Measurements by Berg and Brown (1972) showed that E. coli move-
ments follow a pattern that has now become known as run and tumble.
e organism swims straight for a while, then randomly reorients itself
and then sets o in a dierent direction, resulting in a trajectory that is
much like a random walk. Purcell found a simple argument to estimate
how far E. coli would have to travel in order for this type of movement to
be useful.e time it takes to travel a distance l by swimming is l/v. On
the other hand, the time it takes for molecules in the solute to diuse over
the same distance is l2/D.us the typical length at which swimming be-
comes more important than diusion is l = D/v ∼ 30 µm. As it turns out,
this length was in fact reasonably close to the typical run distance of E. coli.
is result was hugely inuential in that it lead to a realisation in the
biophysics community that many forms behaviour at the cellular scale can
be understood in of the basic physical limits that organisms have to con-
tend with. As we shall see in the next section, analogous types of analysis
can be performed for organisms of increasing size. It is in this regime that
the strength of the ow around the organism starts to play a key role.
1.3 Life at High Pe´clet Numbers
In order for organims to increase the rate at which they can extract
nutrients from their environment they can either increase their size or
their typical swimming velocity. Since Pe and Re both depend on RV ,
these adaptations will raise both the Pe´clet and the Reynolds number of
the ows around it. However, since D typically has values of 1000 µm2/s or
less, whereas η/ρ ≃ 106 µm2/s.e Pe´clet number will therefore become
signicant before the Reynolds number does as the size of an organism
increases.
An example of how the Pe´clet number can aect nutrient uptake is
found in the Volvocales (gure 1.3), which have been studied previously
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Figure 1.3Members of the Volvocales as shown by Solari et al. (2006). Species in
this family of colonial algae are found in a range of sizes increasing from 1 to 2000
cells. (a)e single-cellular Chlamydomonas reinhardtii (b) Gonium pectorale (8
cells) (c) Eudorina elegans (32 cells) (d) Pleodorina californica (64 cells) (e)Volvox
carteri (∼ 1000 cells) (f) Volvox aureus (∼ 2000 cells).
in our group at Cambridge (Short et al., 2006; Solari et al., 2006).ese
closely related green algae present an ideal case for the study of the relation
between size and nutrient uptake, since they are found in a range of sizes
increasing from 10 µm to over 1000 µm.
e smallestmember of the family isChlamydomonas, a single-cellular
organism that swims using two agella beating in a form of breast stroke.
Other species undergo a number of cell divisions, forming colonies whose
number of cells increases with powers of two. In the larger members, these
cells organise on a spherical extracellular matrix, orienting their two ag-
ella outward to propel the organism. As the size increases further, species
start to show dierentiation between two types of cells.e somatic cells
remain on the surface for propulsion, but inside the colony specialised
germ cells form daughter colonies that hatch from the mother once they
have matured.is process takes place over a well-dened life cycle that
takes places over 48 hours if growth is synchronised in 16/8 hour light-dark
cycle (Solari et al., 2006).
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Figure 1.4 Nutrient requirements vs diusive uptake in the Volvocales as pre-
sented by Short et al. (2006) (a) Since the number of cells increases with the sur-
face area of the colony, nutrients requirements increase as R2.e diusive up-
take only increases as R, implying the existence of a diusional bottleneck where
nutrient requirements will exceed inux. (b) e ow around the organism re-
sults in an enhancement of uptake producing an eective scaling with R2 thereby
mitigating the diusive limitations on uptake.
Given genetic similarity of these species and the regularity of their life-
cycle, the volvocales constitute a family of organisms where nutrient needs
can be compared between species in a meaningful manner. On dimen-
sional grounds, these nutrient requirements must scale with the number
of cells and will therefore be proportional to R2. However, from the previ-
ous section we know that the diusive ux into a sphere scales as Dρ0/R,
so the total uptake from diusion would only scale as R. is suggests
that metabolic demands will outgrow nutrient inux as the organism size
increases, implying that there exists a bottleneck radius Rb beyond which
diusion alone is no longer sucient to meet the nutrient requirements of
the organism (g 1.4a). Estimates for this radius depend on a number of
poorly known factors, but would lie somewhere around Rb = 50− 200 µm
(Short et al., 2006).
It turns out that this diusional bottleneck ismitigated by the increased
Pe´clet number of the ow around the organism. A typical Pe´clet number
can be calculated for each species in terms of the force per unit area f
that results from the agellar beating. Since beating frequencies, agella
lengths and cell spacing are similar across species, this force can be taken
as constant. e swimming velocity then shows an approximate scaling
(Short et al., 2006)
V ≃ pi f R
8η
. (1.15)
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Figure 1.5 Scaling of the diusive boundary layer with the Pe´clet number as pre-
sented in (Short et al., 2006). (a)As the Pe´clet number increases, the steady-state
concentration prole develops a thin boundary layer at the leading edge of the
organism. A depleted plume trails on the other side. (b) e typical size of the
boundary layer δ at the leading edge shows an asymptotic scaling with the Pe´clet
number δ ∼ Pe−1/2.
e Pe´clet number of the ow therefore scales as
Pe = RV
D
= f R2
8ηD
= ( R
Ra
)2 , Ra = √8ηDpi f . (1.16)
Here the advective radius Ra denes the organism size at which Pe = 1. Its
typical value lies somewhere around Ra ∼ 10 µm, indicating that Pe > 1 for
all species in the volvocalean family, reaching values Pe = 200 − 300 for
larger species such as Volvox Carteri (Solari et al., 2006).
Nutrient uptake in the presence of this ow is precisely described by
the spherical problem we introduced for E. coli in the previous section.
Here the ow eld can be solved from the boundary condition in the shear
stress σrθ = f (Short et al., 2006). Anite elementmethod can then be used
to calculate the steady-state concentration prole around the organism,
assuming a perfect sink at the surface (g 1.5). In the absence of ow, the
concentration prole will be given by equation (1.9). As the Pe´clet num-
ber increases this prole becomes asymmetrical (g 1.5a). At the leading
edge of the organism a boundary layer develops as a result of the fact that
the ow advects nutrient rich material towards the surface of the cell. A
depleted plume trails behind the organism.
e typical width δ of the boundary layer decreases with the Pe´clet
number. Since the ux is given by the gradient of the concentration F =−D∇ρ, the decrease in boundary layer size increases the rate of uptake as
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F ∼ 1/δ. Finite element analysis (g 1.5b) reveals that in the asymptotic
regime Pe ≫ 1, the boundary layer size exhibits a scaling
δ ∼ Pe−1/2 . (1.17)
Given that Pe ∼ (R/Ra)2 the typical ux thus depends on the organism
size as
F ∼ 1/δ ∼ (R/Ra) . (1.18)
e total ux into the cell is given by the integral of the ux over the sur-
face. So if this boundary layer scaling were to extend all the way around
the organism, the total ‘current’ into the cell would show a I ∼ R3 depen-
dence. As it turns out full numerical analysis show that the average ux
levels o a large Pe´clet numbers, presumably because the eective surface
area covered by the boundary layer scales as R. However, this scaling is
‘good enough’ in the sense that the total current scales as I ∼ R2 (g 1.4b)
thereby removing the diusional bottleneck as long as Rb > Ra.
So we see that in the case of Volvox, an organism living a life at high
Pe´clet numbers can use swimming to enhance diusive uptake. Since the
Reynolds number of these ows is still quite low, this eect has nothing to
do with an enhancement of mixing. Instead it is based purely on a scaling
of the typical concentration gradients around the organism due to advec-
tion.
It is this type of eect that may well play a role in cytoplasmic stream-
ing. Since cell sizes of organisms exhibiting streaming are typically larger
than 100 µm and the velocities are oen of order 10 µm or higher, the
Pe´clet numbers associated with these ows would be order 1, or possibly
much larger when considering diusion of structures such as proteins in
crowded cellular environments.us if internal circulation does indeed
help mitigate the limitations of diusion in large cells, it may be by induc-
ing a change in the typical boundary layer size aroundmetabolically active
structures. It is this notion that we will explore further in chapters 3 and 4.
Our work in this context will focus on the characean algae. Not only
are these species the best studied example of organisms exhibiting stream-
ing, but the cylindrical geometry of the internodal cells is well suited to
hydrodynamic analysis.
To identify what role streaming could play in enhancing metabolic
rates in characean algae, we will begin this thesis with a discussion of the
research performed on these organisms over the past decades. In the third
16 Cell Size, Diusion and Transport
chapter we will present a hydrodynamic solution of the ow eld inside
characean internodes.e eects of this ow on diusive transport will
be discussed in the chapter that follows. Finally we will present measure-
ments based on NMR spectroscopy and tracer particle injection. We con-
cludewith an overviewof our ndings and a discussion of future directions
of research.

2 an introduction to the characean algae
Colloquially known as stoneworts aer the lime depositions on their sur-
face, the characean algae (g 2.1) are a family of weeds belonging to the
order Charales. Found in fresh and brackish waters, these multicellular al-
gae have the appearance of plants, growing in thin segmented shoots that
sprout whorls of branchlets every few centimetres (g 2.1a). A remarkable
feature of these organisms is that the internodal ‘segments’ of the shoots
are in fact giant single cells. With diameters up to 1 mm and lengths that
can exceed 10 cm, these cells are among the largest known in existence.
Inside the internodal cells there is an active transportation system.e
surface of the cell is divided into two band-shaped domains, along which
the uid is transported up and down at rates of up to 100 µm/s (g 2.1c).
Because the upward and downward owing bands tend to spiral around
each other, this type of circulation is sometimes called rotational streaming.
As we will discuss in this chapter, cytoplasmic streaming is known to play
a role in a number of metabolic processes. It enhances transport between
cells (Ding and Tazawa, 1989), has been shown to be necessary for the for-
mation of alkaline bands which aid carbon uptake, and is widely been hy-
pothesised to play a role in intracellular transport andmixing (Hochachka,
1999; Pickard, 2003, 2006). However despite the fact that streaming has
been implicated in a range of metabolic processes, the precise ways in
which it aids the organism remain poorly understood.
e central focus of our research in this area is to quantify uid dy-
namical aspects of this circulation and elucidate its role in enhancingmeta-
bolic rates. As discussed in the previous chapter, the very size of the these
cells suggests that diusion should be expected to be prohibitively slow.
Moreover, themyosins found in these species are amongst the fastest in ex-
istence.is suggests that theremust be some form of proportional benet
to the high rates of circulation observed in characean internodes.
In this chapter we review the research performed on the Charales over
the last decades.While the focus of this review lies onwork pertinent to the
function of cytoplasmic streaming, our scope will be fairly broad to allow
the reader to get a sense of the range of processes in which streaming may
be implicated, as well as the interconnectedness of many of these features.
e rst part of this review will discuss some aspects of growthmechanics
and electrophysiology as studied in these species. In the second part we
will present an overview of the studies on streaming.
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2.1 Morphology and Life Cycle
Characean algae grow in thin shoots (g 2.1a) anchored in the sub-
strate with root-like rhizoidal cells. Reecting the terminology commonly
used for vascular plants, the branching points of the stem are known as
nodes, whereas the segments of the stem connecting these points are called
internodes. While the internodes are giant single cells, the nodes are com-
plex multicellular structures. A whorl of ‘branchlets’ forms at the nodes,
6-16 in number depending on the species.e constituent cells of these
branchlets are sometimes called ‘leaf ’ cells.ey are highly similar to the
internodal cells, though they are typically shorter in length and oen do
not exhibit the spiralling structure characteristic of the internodes. It is
also at the node that reproductive structures (g 2.1e) form.
e most studied part of this organism is without doubt the characean
internode (gure 2.1b), a single cylindrical cell with a diameter up to 1 mm
and a length that can exceed 10 cm. Like most plant cells, the internode is
enclosed by a cellulose cell wall. A layer of cytoplasm of roughly 10 µm
in thickness lines the inside of the cell wall.e cytoplasm is separated
by a membrane known as the tonoplast from the central vacuole that oc-
cupies the bulk of the cellular volume.is vacuole fulls a multitude of
metabolic roles, acting as storage compartment for sugars, polysaccha-
rides, and organic acids, sequestering toxins such as heavy metals, and
functioning as a buering reservoir that helps to maintain ionic and pH
homoeostasis in the cytoplasm (Taiz, 1992). Additionally, the vacuole holds
a 0.13 M concentration of salts (Tazawa, 1964), producing an outward os-
motic pressure equivalent to 5 bars that lends the cell its rigidity.
e characean cytoplasm exhibits many structures that are common
to higher plants, including the Golgi apparatus, Endoplasmic Reticulum
(ER) and cytoskeletal structures. Chloroplasts, the organelles responsible
for photosynthesis, are packed into helical rows that spiral along the cellu-
lar surface (g 2.1d).e chloroplasts are surrounded by a stagnant layer
of uid, sometimes called the ectoplasm, that housesmost of themitochon-
dria in the cell.
On the inside of the chloroplast rows, bundled actin laments act as
tracks formyosins that drag structureswithin the cell (Kachar, 1985; Kachar
and Reese, 1988) and thereby entraining the inner part of the cytoplasm,
sometimes known as the endoplasm. With streaming rates as high as 100
µm/s, the myosin XI found in Chara is the fastest known in existence
(Shimmen and Yokota, 2004). As a result of a reversed polarity of the
20 An Introduction to the Characean Algae
Figure 2.1 Anatomy of the characean algae. (a) A Chara Corallina shoot, show-
ing internodal segments, connected by nodal structures sprouting a whorl of
branchlets.e internodes are giant single cells several centimetres in length (b)
Schematic cross-section of an internodal cell. An outer layer of cytoplasmmoves
up and down along the cell in two bands separated by a neutral line.e move-
ment in the cytoplasm drives a shear ow in the central vacuole. (c) Enlarged
microscopy image of an internodal cell, showing the spiralling neutral line that
separates the two bands of streaming (d) Further enlarged image showing the
packing of chloroplasts around the neutral line. (e) Reproductive structures in
Chara Zeylanica (image: http://bib18.ulb.ac.be/).e ovaloid oogonium is the fe-
male structure, whereas sperm production originates in the round antheridium.
(f) Shoots of Chara Hispida in an underwater meadow (image: Sue Scott).
2.1 Morphology and Life Cycle 21
actin laments, the cytoplasm is organised in two bands owing in oppo-
site directions.ese bands tend to spiral around each other, producing a
“barber-pole” velocity at the cell periphery (g 2.1c-d).e two interface
lines between these bands is are known as neutral lines, or indierent zones.
e neutral lines are marked by the absence of chloroplasts (g 2.1d) and
visible as two light lines crossing the cell surface.
e internodes connect to the nodal structures through by means of
channels known as plasmodesmata. ese channels are bridges of cyto-
plasm between cells.e plasmodesmata in Charales are similar to those
found in higher plants, but may have evolved separately (Franceschi et al.,
1994). Most notably, in higher plants the endoplasmic reticulum is known
to extend through plasmodesmata, but characean algae lack this feature.
e generally accepted size limit for these channels is 800-1000 Da (Lucas
et al., 1993) for diusive transport, though molecules as large as 45 kDa
have been shown to move between cells on longer time scales (Kikuyama
et al., 1992).
2.1.1 Habitat
e Charales typically make their habitat on the bottom of shallow
lakes, ditches, and ponds.ese species are known to achieve high rates
of growth compared to vascular plants, particularly in low nutrient en-
vironments. As such, they are oen among the rst species to colonise
a newly cleared area.eir growth can form dense meadows that dom-
inate their habitat. e high biomass content in these meadows acts as
a nutrient sink that helps keep waters clear, stabilising the environment
to low trophic levels and reducing turbidity by preventing large phyto-
plankton growth (Kufel and Kufel, 2002; Blindow et al., 2002; Schwarz and
Hawes, 1997). Inmore nutrient rich environments, characean algae tend to
be overtaken by owering plants.ey have a low tolerance for pollution
by phosphates and nitrates associated with widespread fertiliser usage. As
a result of thismany Charales species are currently considered endangered
(Stewart, 2004).
e lime depositions from which the species get their name are a con-
sequence of the alkalinity of their habitat. In an alkaline environment,
dissolved carbon is predominantly available in the form of bicarbonate
(HCO−3 ). In order to turn bicarbonate into CO2 a proton is needed. For
this reason, most Charales precipitate calcium carbonate.is precipita-
tion yields the required proton which is then combined with bicarbonate
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Figure 2.2Cell organisation during tip growth. (a)Tip growth inNitella Axillaris,
as modied from Green (1958). A single cell at the top of the shoot, known as the
apical cone divides once every few days.e newly formed cell then divides once
more to form what will become the new node and internode. (b)Nodal arrange-
ment of cells as reproduced from Shepherd and Goodwin (1992b).e pro-node
rst divides along the vertical line producing cells 1 and 2. Sub-sequent division
of these cells produces the cells labelled 3 and 4, which then divide to form cells 5
and 6.e neutral lines of the internode below the nodal complex connect at the
points marked (W). Once a new internode is formed by a subsequent division of
the apical cone, its neutral lines connect at a position shied with respect to the
lower zone.
to produce water and CO2 that can be used for photosynthesis. Over time,
this accumulation produces rings of lime crust on the surface of the plant
which in some cases cover the cell almost entirely.
2.1.2 Growth and Reproduction
In order to extend towards sunlight, plant cells expand their volume
10- to 20-fold over the course of development (Green et al., 1971; Taiz,
1992).emajority of this volume is occupied by the central vacuole, where
high concentrations of salts are sequestered, resulting in large outward
osmotic pressures that maintain the rigidity, or turgor, of the cell. Per-
haps one of the most important functions of these vacuolar balloons is
to serve as energetically favourable means of expanding the volume of the
organism. While there is a considerable cost associated with the transport
against electrochemical gradients required to maintain the solute concen-
tration in the vacuole, it is much cheaper to expand cell size by water
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uptake than by protein synthesis (Raven, 1987; Taiz, 1992). With their ex-
ceptionally long internodal cells, whose vacuoles occupy about 95% of the
cellular volume, characean algae represent an extreme case of this growth
strategy. Since these species grow as weeds in low-nutrient conditions and
can out-compete higher plants for lake dominance (Coops, 2002), the large
cell size in these organisms, may be partially understood as result of com-
petition for light in low nutrient conditions.
Characean algae can reproduce either by fragmentation, whereby a
new plant develops out of a segment separated from a neighbouring shoot,
or by the formation of spores. Reproduction by sporulation is sexual.e
female reproductive structure is known as the oogonium, whereas themale
organ is the called the antheridium. Some species have male and female
plants, but in others such as Chara Zeylanica (g 2.1e), both sexual struc-
tures are found on the same plant. A fertilised oogonium forms an oospore.
In periods with unsuitable growing conditions these spores can remain vi-
able for decades (Stewart, 2004).
Growth in characean algae occurs by repeated division of a single cell
at the tip of the plant, known as the apical cone (g 2.2). During shoot
development this cell divides every few days.e interval of this division
can be quite regular and is sometimes called the plastochron. Aer divi-
sion, the newly formed cell divides once more into an upper pro-node and
an internode (g 2.2a).e internode undergoes a remarkable degree of
expansion, increasing in volume by 5 orders of magnitude over a period of
2-3 weeks (Green, 1958).
e pro-node undergoes a number of subsequent divisions to form
the nodal structure. In Chara Corallina, there is an initial division into 6
cells (g 2.2) which connect to the ascending and descending streams in
an specic manner (Shepherd and Goodwin, 1992b). In later stages these
cells undergo further divisions to form a complex multicellular structure,
though the initial symmetry is still reected in the fact that Chara Coral-
lina typically forms a whorl of 6 branchlets. It is also known that the re-
productive structures are exclusively formed on the part of the node con-
necting to the descending stream.
2.2 A Model System in Plant Biology
Established as a genus by Linnaeus in 1753, Chara cells have been stud-
ied since the early days of microscopy (Corti, 1774).e species are now
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recognised as the closest living relatives of land plants (Kranz et al., 1995;
Karol et al., 2001) and occupy a unique position in the evolutionary tree.
Subcellular processes are highly developed and perform most functions
common to higher plants.is high degree of similarity, along with the
robustness of internodal cells under manipulation has allowed these or-
ganisms to function as a model system in a wide range of plant physiology
research.e species are well known for studies performed on membrane
transport and electrophysiology (Shimmen et al., 1994), turgor-driven cell
wall expansion (Green et al., 1971; Proseus et al., 2000), and cytoskele-
tal organisation. Additionally, they have been used in studies on calci-
cation and carbon xation (Lucas, 1975), intercellular transport through
plasmodesmata (Ding and Tazawa, 1989; Lucas, 1995) and even lake ecol-
ogy.
Before proceeding with a review of the work on cytoplasmic streaming
in the second part of this chapter, wewill attempt to highlight those contri-
butions thatmay be relevant to the role of streaming in cellularmetabolism,
aswell as the experimental techniques thatmay be of interest in the context
of this research.
2.2.1 Cell Models and Surgery Techniques
Characean cells have proven themselves very resilient under manipu-
lation. Over the years, a wide array of techniques has been developed in
this system. Some of the more common ones amongst these are:
· Ligation – Internodal cells can be truncated by careful ligationwith a silk or
nylon thread. Ligated cells can survive for several days and streaming con-
tinues roughly at in vivo rates (Kamiya and Kuroda, 1956; Pickard, 1974).
· Vacuolar perfusion – Placing the cell in an isotonic bath (i.e. a solution
of an osmolarity similar to that of the vacuolar sap), allows a cell to sur-
vive amputation of its ends. If each of the endpoints is then contained in
a compartment separated from the rest of the bath, the contents of the
vacuole can be replaced by applying a slight pressure dierence (Tazawa,
1964; Tazawa and Kishimoto, 1964).is makes it possible to collect the
vacuolar sap for analysis and test the eect of changing its make-up on
cellular function. Aer ligation, cells treated in this manner can survive as
long as months, depending on the composition of the perfusion-stream.
Experiments using this technique are discussed further in section 2.2.3.
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· Tonoplast-free Cell – e tonoplast of a perfused cell can be destabilised
by adding a Ca2+ chelator to the perfusion medium, leading to its disinte-
gration.e actin-bundles attached to the chloroplast rows remain intact
and the cytoplasm, though disorganised, continues to stream (Shimmen,
2007; Williamson, 1975; Tazawa et al., 1976).
· Cytoplasm-lled cell – By gentle centrifugation the cellular cytoplasm can
be collected on one end of the cell. Immediate ligation results in a vacuole-
free cell that contains only cytoplasm.e protoplasm-lled cell contin-
ues to show streaming at rates close to those observed in vivo (Kamiya
and Kuroda, 1956). In some cases the cytoplasm-lled cells are observed
to form new vacuoles.
· Permeabilised cells – Bathing the cell in a hypertonic solution induces plas-
molysis (i.e. separation of the cytoplasm and membrane from the cell wall
due to eusion of water). If the plasma membrane is then treated with a
Ca2+ chelator, it will be perforated irreversibly and the chemical composi-
tion of the cytoplasm can be controlled by exchanging the medium. Cells
treated in this manner retain their function to some extent because the cy-
toplasm is still contained between the intact tonoplast and the perforated
membrane (Shimmen, 2007; Shimmen and Tazawa, 1983).
2.2.2 Turgor, Cell Wall Expansion and Growth
Characean internodes have long formed a model system for growth
studies, many of which were pioneered in the research of Paul Green and
co-workers (Green, 1954; Green and Chapman, 1955; Green, 1958; Green
and Stanton, 1967; Green, 1968; Green et al., 1970, 1971; Ray et al., 1972). As
discussed in section 2.1.2, the shoot is extended by cell division at the tip,
where a dome-shaped apical cone divides every three days (see g 2.2a).
e newly formed cell under the apical cone then further divides into a
pro-node and internode.e latter expands by as much as a factor 30 000
as the cell grows to maturity over a period of about 20 days, attaining a
typical length of about 6 cm (Green, 1958).
In the early stages of development, cell expansion is approximately ex-
ponential with time (Green, 1954). As the cell matures, this growth levels
o, in what is sometimes called a transition to linear growth, nally stabil-
ising to the nal cell length.is results in an s-shaped growth curve that
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is well-represented by a sigmoid function (Dorn and Weisenseel, 1984):
H = H∞ er(t−tM)1 + er(t−tM) . (2.1)
Here H∞ is the asymptotic length of the fully grown cell, and tM is the
typical time needed for a cell to reach its mid-point in growth. For small
times, growth is approximately exponential so that to lowest order:
1
H
dH
dt
≃ r . (2.2)
e le side of equation 2.2 is oen referred to as the relative elementary
growth rate.
e interval of cell division, also called the plastochron, is quite regular
in species like Nitella Axillaris. Since internodes form every 3 days, it is
possible to estimate the growth rate by comparing neighbouring cell sizes,
making the assumption that adjacent cells in a shoot develop in a self-
similar fashion. In terms of the cell index n, the elementary growth rate
can then be approximated as (Green and Chapman, 1955):
1
Hn
dHn
dt
≃ 1
τp
ln(Hn+1
Hn
) . (2.3)
Studies by Green and co-workers onNitella Axillaris show varying re-
sults for the growth pattern. Measurements of a single cell at intervals of
about half a day, show an elementary growth rate that falls o from an ini-
tial maximum at of about 1 day−1 in a fashion more or less consistent with
an expansion according to equation (2.1) (Green, 1954). On the other hand,
in whole-shoot studies where the growth is estimated using equation (2.3),
the elementary rate is found to peak at about 2 day−1 roughly oneweek into
development (Green, 1958). It should be noted that the whole-shoot proce-
dure allows observation of the cell size from the point of cell division, when
cell lengths are as small as 20 µm, whereas the direct observations start at
cell sizes of about 180 µm.is suggests that there is a period of about a
week of relatively slow expansion before the regime of exponential growth
sets in. A study using Nitella Flexilis shows a sigmoid-dependence with
r = 0.3 (Dorn and Weisenseel, 1984), suggesting that elementary growth
rates should be expected to vary signicantly between species, and perhaps
also according to the experimental protocol.
Positioning a line of markers along the surface reveals that wall expan-
sion is uniform and that a twist develops in the wall as cell grows, causing
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the markers to follow helical trajectories (Green, 1954).is twist reaches
a maximum somewhere during the stage of exponential growth, with the
helical wavelength taking on a value as small as λ ≃ 9 R. As the cell ma-
tures, the direction of rotation slow reverses and the helix unwinds to a
typical wavelength around λ ≃ 70 R (Green, 1954; Green and Chapman,
1955).
e direction of cell expansion is pre-dominantly longitudinal and
the relation between the radius R and height H is well-approximated by
a power-law form R ∝ Hk , whose exponent is about k ≃ 0.2 at 275 K,
apparently increasing with temperature (Green and Chapman, 1955).
As is typical in green plants (Taiz, 1984; Cosgrove, 1986), the yielding
of the cell wall in characean algae is a turgor driven process. Green and
co-workers were the rst to investigate the turgor dependence of intern-
odal expansion.eir experiments utilised a micropipette that was fused
on one end. A bubble of air is trapped inside the pipette, allowing it to be
used as amicro manometer.e tip is inserted into the internodal vacuole
aer which the pressure can be determind by observation of the decrease
in bubble size (Green and Stanton, 1967). Using this technique, the growth
response to a change in external pressure was then studied through con-
tinuous measurements of the s in the presence of external osmotica.e
instantaneous response of the cell expansion rate to a change in turgor was
roughly in accordance with the following simple form:
dH
dt
= { m(P − Pc) P > Pc0 P ≤ 0 . (2.4)
A reduction of the turgor by 0.7 atmospheres was found to completely halt
growth, suggesting there is a critical turgor pressure below which growth
does not take place. Upon return to normal levels growth transiently in-
creases over a period of about 15 mins, aer which it stabilised to previous
levels.
Zhu and Boyer (1992) further investigated the inuence of turgor pres-
sure on cell growth inCharaCorallina by injecting vacuolar uid extracted
from other cells, thereby changing the concentration of salts, subsequently
measuring the growth rate by tethering the end of the cell to a wire con-
nected to a growth transducer. Injection is done by pulses from a large-
bore (75 µm) micropipette over a period of 20 min, regulating the pres-
sure with a large-cell probe while the water potential equilibrates to the
new osmotic pressure by expulsion of water out of the cell. Inversely, the
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osmotic pressure can be lowered by extracting vacuolar uid. Typical tur-
gor pressures are 0.5 MPa.ey found that the growth rate abruptly de-
creases to zero when approaching a threshold turgor Pc (∼ 0.4 MPa). At
about 110% of the original turgor, a plastic deformationwas found to set in,
which appeared to damage the cell. Reducing the turgor to normal levels
did not result in a return of normal growth. Introduction of external os-
motica resulted in more complex behaviour.e combination of transient
shrinking and continuation of growth could explain the apparent cessa-
tion of growth observed in other studies. Moreover, osmotica were found
to inhibit growth, in a way that appeared dependent on the chemical form
of the solute. Sucrose and mannitol were more inhibitory than KCl.is
was hypothesized to be due to an inhibition of wall enzymes by sugars and
analogues.
In further measurements, Proseus et al. (2000) successfully measured
the detailed dependence of growth on turgor pressure. Following Ortega
(1985), they assumed an equation of the form:
dH
dt
= m(P − Pc) + H0εL dPdt . (2.5)
Here H0(t) is the unstretched cell length and εL is the longitudinal com-
ponent of the elastic modulus. Following Proseus et al. (1999), the elastic
prefactor H0/εL is determined by measuring pressure response at a low-
ered temperature, such that growth is inhibited and expansion is entirely
elastic. Subtracting the elastic component from the pressure-response at
normal temperature showed a dependence of the steady growth rate on P.
is dependence was then measured by series of pressure steps showing a
curvilinear response over a range of about 70%-130% of the original tur-
gor pressure. However as reported by Zhu and Boyer (1992), the pressure
response above the original turgor pressure was irreversible in the sense
that growth rates aer reducing P to its original value were always lower
than their initial values, indicating some damage had occurred to the cell.
Reduction of temperature was also found to decrease the growth rate in a
non-reversible manner, with growth rates not returning to their original
values aer a transient reduction in temperature.
In an extensive set of experiments Proseus and Boyer (2005, 2006a,b,c,
2007, 2008) identied calcium pectate as controlling the rate of deposition
of new cell wall material. Experiments in live internodes were compared
to isolated cell walls, cut open on one side and glued to a microcapillary,
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Figure 2.3 e cell holder for perfusion experiments as designed by Tazawa
(1964). See text for explanation.
showing a similar curvilinear growth response to pressure in live cells with
a strong temperature dependence (Proseus and Boyer, 2006b).
2.2.3 Vacuolar Perfusion Experiments
One of the most studied models of the characean internode is the per-
fused cell. By placing a cell in a cell holder with 3 isolated compartments
containing an isotonic solution, it is possible to gently cut o the ends in
the outer compartments, whilst applying a small negative hydrostatic pres-
sure in the central space to prevent collapse.e contents of the vacuole
can then be replaced, or perfused, aer which the cell can be closed o on
both ends by careful ligation with a piece of (silk) thread.
Kamiya and Kuroda (1955) were the rst to pioneer this process in
Nitella, reporting survival of ligated cells over several hours. eir pro-
cedure was somewhat delicate however, since natural variations between
samples make it dicult to exactly match the osmolarity. A hypertonic
bathing medium would result in plasmolysis, whereas a hypotonic solu-
tion could result in cell collapse upon amputation of the ends.
Tazawa (1964) substantially improved on the technique by introducing
a cell holder that allowed ligation at two points on each end (see gure 2.3).
During amputation, a slight negative turgor was ensured by removing the
uid in the central compartment (P3), letting the remaining lm evaporate
before cutting o the ends of the cell.is kept the uid fromowing out at
the end and had the additional advantage that it prevented both plasmol-
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ysis and collapse when the cell was perfused. To avoid deformation due to
crumpling of the cell wall at the ends, the cell was rst ligated at the outer
points (S1/S2) and allowed to regain its shape in a hypotonic medium be-
fore ligating a second time at the inner points (S3/S4). In later experiments
(Tazawa and Kishimoto, 1968) the central part was submersed in paran
to help preserve the cell and improve imaging conditions.
e method introduced by Tazawa resulted in amputated cells that ex-
hibited healthy streaming and could survive for several weeks with a va-
riety of cell sap compositions (Tazawa and Kishimoto, 1964). Cells with a
K+ to Ca2+ ratio between 2 and 50 could survive for several days or more,
and replacement of K+ with Na+, Li+ or Rb+ did not adversely aect the
streaming rate for at least several days.
Williamson (1975) removed the tonoplast from perfused cells by ush-
ing outmost of the cytoplasmwith amedium containing EGTA. He found
that perfusion caused an abrupt halt in organelle movement aer about 60
s, when the tonoplast and most of the cytoplasm covering the organelles
hadwashed away.Organelles then became anchored to actin bundles.Move-
ment could subsequently be reactivated by introducing a 1 mM Na2ATP
solution,with the organelles loosening from the laments.e rate ofmove-
ment was close to that observed in vivo. Reactivation was inhibited at high
(8.0) and low (6.0) pH. Full streaming rates required a Ca2+ concentration
of 10−7 M or less, 1 mM or more Mg2+, with the Cl− levels 80 mM or less.
Changing the K+ concentration had little eect. Adding 25 µg ml−1 cy-
tochalasin caused a complete halt of the streaming.
Tazawa et al. (1976) reported similar results, nding that a gentle in-
troduction of an EGTA-based medium causes disintegration of the tono-
plast, thereby allowing the contents of the vacuole to come in contact with
the cytoplasm. More or less in agreement with Williamson, they found
that streaming required mM levels of ATP and Mg2+ were required for
streaming, and that Ca2+ levels needed to be below 10−6 M.
2.2.4 Carbon Fixation and Alkaline-band Formation
Carbon xation associated with photosynthesis naturally leads to pro-
duction of OH−.e reason for this is rooted in the pH dependence of
chemical equilibrium of Dissolved Inorganic Carbon (DIC) in water
CO2 +H2O⇆ H+ +HCO−3 . (2.6)
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Figure 2.4 Alkaline bands in Chara internode. e cell is placed in a PDMS
holder (for design, see section 5.2.1) lled with thymol blue solution.is indica-
tor changes fromyellow to blue over the pH range 8.0-9.6. As can be seen, alkaline
bands tends to form at the pinching points of the holder, reecting the fact that
membrane mechanics are highly sensitive to mechanical stimulation.
At pH 5.5 roughly 90% of the dissolved carbon is found in the form CO2,
but as the pH increases this balance shis towards HCO−3 . At a pH 8.5,
which is fairly typical for environments inhabited by characeans, 99% of
the inorganic carbon is in the form of HCO−3 . A proton is therefore re-
quired to produce CO2 from bicarbonate, which inevitably leaves OH− as
a side product.is excessOH− is generally extruded at the surface, induc-
ing a drop in pH. In characeans OH− is localised in periodically spaced al-
kaline bands alternated by acidic regions where H+ eux occurs (Tazawa
et al., 1987). It has been suggested that theH+ eux serves to facilitate pho-
tosynthesis by raising the concentration of free CO2 (Plieth et al., 1994).
Calcium in the form of CaCO3 tends to precipitate on the alkaline re-
gions forming the band-shaped encrustations that lend characeans their
colloquial name stoneworts.is precipitation yields a proton
Ca2+ +HCO−3 → CaCO3 +H+ , (2.7)
which may then be used to produce CO2 from bicarbonate. Evidence that
this precipitation directly enhances photosynthetic carbonxation is found
in 14C studies, which show a 1 ∶ 1 correspondence between the rate of
CaCO3 precipitation and the rate of carbon xation in slightly alkaline en-
vironments of pH 8 − 9 (McConnaughey and Falk, 1991; Mcconnaughey,
1991, 1998).
Further support for the notion the pH bands enhance photosynthesis
is found in the work by Mimura et al. (1993), who investigated the eect
of the role of the H+-ATPase on 14C xation.ey observed that carbon
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xationwas strongly reduced bothwhen theATP in the cytoplasmwas de-
pleted by perfusion with hexokinase and and 2-deoxyglucose, and when
the H+-ATPase was inhibited by introduction of vanadate. Stimulation of
the H+-ATPase by pyruvate kinase and phosphoenolpyruvate (PEP) re-
sulted in increased carbon xation.e same eects were observed at both
pH 5.5 and pH 8.5, indicating that the H+-ATPase plays an essential role
in assimilation of both CO2 and HCO−3 .
Evidence that the formation of alkaline bands directely inuences the
rate of photosynthesis is also found in PAM uorometry studies. When a
sample is excited with a uorescence source, the absorbed light can be dis-
sipated in one of three ways: It can be used for photosynthesis, emitted as
uorescene or dissipated as heat. In practice the degree of heat dissipation
can be taken as constant in most samples, so the uorescence signal can
be taken as an inverse measure of the rate of photosynthetic activity. PAM
uorometry measurements show that the external pH correlates directly
with the rate of photosynthetic activity, with the highest rates observed in
acidic regions (Bulychev and Vredenberg, 2003; Bulychev et al., 2005).
Alkaline band formation appears inseparably linked to cytoplasmic
streaming. Inhibition of cytoplasmic streaming with cytochalasin B pre-
vents formation of alkaline bands (Tazawa et al. (1987), citing Lucas and
Dainty (1977)). It is therefore not surprising that alkaline bands disap-
pear transiently during an action potential, where streaming is also halted.
Babourina et al. (2004) showed that the magnitude of pH variations is
greater for the upwards streaming band than the downwards streaming
band. Eremin et al. (2007) showed that alkaline bands tend to reform at
the same position on the cells surface and the recurrence was increased
with the concentration of Ca2+ in the surrounding medium.
Given this evidence, the role of streaming in the generation of alka-
line bands may be one of the most underexplored aspects its function
characeanmetabolism.e interplay of external pH,membrane transport,
streaming, diusion and photosynthesis found in this context is both rich
and complex. Whilst investigations into this subject would constitute a
research project on their own and have proven beyond the scope of the
project discussed here, they present a truly interesting direction for future
work.
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2.2.5 Action Potentials
Characean cells exhibit action potentials, a transient depolarisation of
the membrane voltage that propagates along both the plasma membrane
and the tonoplast. Action potentials in characeans can be triggered byme-
chanical, electrical or chemical stimulation (Kamiya, 1959; Tazawa et al.,
1987) and are a 1000 times slower than those in animals, exhibiting typi-
cal propagation speeds of order cm/s (Tabata and Sibaoka, 1987).e bulk
rise ofmembrane conductance underlying this depolarisation results from
transient activation of Cl− and K+ channels, producing an eux of KCl
into the external medium (Homann andiel, 1994;iel et al., 1997).e
activation of the ion channels is triggered by an increase of free Ca2+ in the
cytoplasm, with levels rising from ∼100 nM to ∼1000 nM over a time scale
of seconds (Plieth and Hansen, 1996). Streaming is suspended as a conse-
quence of the inhibiting eect of Ca2+ on myosin motion and is restored
when concentrations return to normal levels (Kamiya, 1959; Tazawa et al.,
1987).
Action potentials are hypothesised to play a role in regulating internal
pressure. Mechanical stimulation of the cell is known to trigger an action
potential through stretch-activated channels in the membrane (Kamiya,
1959; Shimmen, 1996, 1997c,b,a). In salt-tolerant species such as Chara
Longifolia andLamprothamnium, the samemembranemechanics involved
in action potentials are known to play a role in turgor regulation due to
changes in external osmolarity, (Stento et al., 2000; Shepherd et al., 2002).
Some controversy exists around the question whether the increased
cytosolic calcium levels triggering membrane depolarisation are retrieved
from internal stores or obtained from the surrounding medium. Indirect
evidence for both scenarios exists. One of the more recent contributions
in this discussion is by Plieth et al. (Plieth et al., 1998). Fura-dextran, a
uorescent dye inhibited by Mn2+ is injected into the cytoplasm. Because
Mn2+ is known to pass through the same channels and pores as Ca2+ it
can be used as a proxy for calcium transport. Injection of Mn2+ into the
vacuole does not lead to quenching of uorescence, nor does addition of
Mn2+ to the external medium. From this the authors conclude that inter-
nal stores are the only possible source of Ca2+, indicating the endoplasmic
reticulum as theirmost likely location. Tazawa andKikuyama on the other
hand argue that the evidence indicating release of calcium from internal
stores is weak compared to the evidence indicating uptake from the envi-
ronment (Tazawa and Kikuyama, 2003).
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2.2.6 Nutrient Uptake and Intercellular Transport
One of the most obvious ways in which cytoplasmic streaming could
benet an organism is by enhancing the rate of transport between cells,
thereby facilitating the translocation of nutrients from regions of uptake
to regions of growth. Because of their relative anatomical simplicity, the
Charales have been used for a great number of uptake and transport stud-
ies.e use of radioisotopes has allowed a extensive measurements of the
rate of uptake and transport of salts (Bostrom and Walker, 1975; Williams
and Fensom, 1975; Zawadzki and Fensom, 1986a,b) and nutrients such
as inorganic carbon (Williams and Fensom, 1975; Zawadzki and Fensom,
1986a,b; Trebacz et al., 1988; Ding and Tazawa, 1989), nitrogen, and phos-
phorus (Littleeld andForsberg, 1965; Box, 1986, 1987;Vermeer et al., 2003).
Like most aquatic macrophytes, the Charales are able to take up nutri-
ents from the surrounding water, in contrast to land plants where uptake
predominantly takes place in the roots. While the species can successfully
be cultured in askswithout needing to be anchored in a layer of soil (Fors-
berg, 1965), there is evidence that a signicant proportion of uptake may
take place in the root-like rhizoidal cells that anchor the plants, particu-
larly for rate-limiting nutrients such as phosphorus and nitrogen which
may be abundant by orders of magnitude in the interstitial water of the
sediment (Littleeld and Forsberg, 1965; Box, 1986, 1987; Vermeer et al.,
2003).
Dissolved inorganic carbon (DIC) is taken up directly from the sur-
rounding water along the shoot. Low-weight carbohydrates are formed
within 1 h aer uptake of 14C-DIC and pass unaltered through the plas-
modesmata to the neighbouring cell (Trebacz et al., 1988). e bulk of
the photoassimilates reside in the endoplasmic layer on the inside of the
chloroplasts, but particularly in branchlet cells some fraction is sequestered
in the vacuole (Ding et al., 1991b).e branchlet cells aremore highly pho-
tosynthetically active than the internodes, and transport from the branch-
lets to internodes can be ve times higher than transport in the reverse
direction (Ding et al., 1991b,a).
Intercellular transport is know to show a seasonal dependence (Za-
wadzki and Fensom, 1986a), investigated in detail by Shepherd and Good-
win (1992a,b). In winter time, the plants are in a dormant state charac-
terised by a lowplasmalemmapotential dierence (−120mV) and low rates
of intercellular communication. In spring and summer the plasmalemma
potential increases to almost twofold and intercellular transport, as ob-
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served by injection of uorescent probes, increases signicantly. It is ob-
served that action potentials reduce the ux between cells. Inhibition of
Ca2+ channels by application of La3+ increases transport, which is also
naturally higher in cells not susceptible to action potentials.
Anumber of studies have investigated the relationship between stream-
ing and intercellular transport. Studies with a tandem pair of internodes
show that the transport rate correlates with the streaming rate over the 25%
variation in magnitude observed over a collection of samples (Zawadzki
and Fensom, 1986a). is correlation is stronger in summer time when
the rate of transport is higher. Treatment with Cytochalasin B shows a
roughly proportional reduction of the transport rate with the streaming
velocity (Bostrom and Walker, 1976). Treatment of either cell in the tan-
dem pair suces to lower the transport rate and a similar response is ob-
served when altering the streaming velocity by lowering the temperature
Ding and Tazawa (1989). Some early studies found indications of a small
component of propagation faster than the streaming velocity (Williams
and Fensom, 1975; Dale et al., 1983).is nding was not conrmed by
later whole shoot experiments where 14C is fed to the rhizoids showing
that carbon is transported upwards at roughly the rate of streaming, while
32P transport is slower but of a similar magnitude (Box et al., 1984).
2.3 Rotational Streaming in the Charales
2.3.1 Rate of Streaming and Velocity Prole
Rotational streaming in characeans is one of the fastest motor-driven
processes known in cells. Depending on cell type and species, velocities
reported range from 10 µm/s to 100 µm/s, with 60 µm/s oen being quoted
as a typical velocity. Over the last 5 decades experiments have probedmany
aspects of streaming. Techniques used for measuring typically fall into the
categories:
· Direct observation –rough light microscopy, either bright eld or Dif-
ferential Image Contrast (DIC). Usually particle speeds are determined by
timing intervals with a stopwatch (Kamiya and Kuroda, 1956).
· Micro-cinematography – Lightmicroscopy is recorded to lm and particles
are subsequently tracked visually using a motion analyser (Allen, 1974).
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Figure 2.5Flowproles asmeasured byKamiya andKuroda (1956) andMustacich
andWare (1977). (a)Measurements inside a ’leaf ’ cell from one of the branchlets
Kamiya and Kuroda (1956). (b)Measurements of a protoplasm lled cell created
by centrifugation and ligation (Kamiya and Kuroda, 1956). (c) Laser Doppler ve-
locimetry measurements inside an internodal cell as presented byMustacich and
Ware (1977).
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· Laser Doppler Velocimetry – A laser beam is focused on the cytoplasm.
From the Doppler shi in the scattered light, a mean velocity and spread
can be determined (Mustacich and Ware, 1974).
e best known direct measurements of the wall-to-wall prole are
those reported by Kamiya and Kuroda (1956), who measured proles in
three types of cells: (1) rhizoidal cells, found at the base of the plant, (2)
‘leaf ’ cells sprouting from nodes and (3) and protoplasm-lled internodal
cells created by the method described above. Measurements show a con-
stant velocity within the cytoplasm and a curved shear prole within the
vacuole. In leaf cells, which have a straight (i.e. non-spiralling) neutral
lines, the shear prole is compatible to measurement precision with axi-
ally directed driving at the walls.e proles obtained are shown in gures
2.5a-b.
Mustacich andWare (1977) improve on the Kamiya and Kuroda mea-
surements by using laser Doppler scattering. In order to improve visibility,
the region of interest is exposed to a high-intensity beam from an argon
laser prior to observation.is causes chloroplasts to swell and ultimately
detach. Streaming is restored to former levels aer one or two days (for
this technique, see also Kamitsubo (1972); Allen (1974)). A centre-to-wall
prole is presented that has superior resolution to the Kamiya data (g
2.5c).
Pickard (1972) presents measurements across a full cross-section of an
internodal cell in Chara Braunii. He also obtains a closed form solution
to the uid equations of motion by approximating the internodal ow
as axially symmetric, thereby neglecting higher order eects due to the
spiralling. In this case, solving Stokes-ow eectively reduces to solving
Laplace’s equation on a circle (for details, see chapter 3), and the solution
of the form vz ∼ ∑Wnrnsin(nθ) is obtained readily by separation of vari-
ables. Assuming step boundary conditions allows a closed-form solution:
vz = ζ(r, θ) = 2Vpi arctan 2(r/R) sin θ1 − (r/R)2 (2.8)
Wewill discuss this solution further in chapter 3, wherewediscuss our own
helical generalisation of this ow problem. Pickard plots ζ(r, θ) against 115
measurements of vz , showing good correspondence, further establishing
the idea put forward byKamiya andKuroda that ow in the vacuole can be
approximated as a simple Newtonian shear ow with imposed velocities
at the boundaries.
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2.3.2 Dependence on Cell Size
Few authors discuss the scaling of the streaming velocity with cell size.
At the time of writing, the only work available to the author is that of
Pickard (1974), who in turn cites Hayashi (1952). Pickard investigates the
dependence on cell length by shortening long cells by ligation, measuring
the original and nal streaming rate each time. His results indicate that
streaming velocities become independent of cell length for aspect ratios
larger than 5. He also shows a quite general scaling V−1 ∼ D−1/2 between
the streaming velocity V and the cell diameter D, that holds for various
cell types in Chara Braunii. He proceeds to show that his results are com-
patible with the simple assumption that the power per unit area applied to
the cytoplasm is a constant independent of streaming velocity and radius.
2.3.3 Dependence on Temperature
Multiple studies have measured the dependence streaming on tem-
perature (Kamiya, 1959; Tazawa, 1968; Pickard, 1974; Mustacich andWare,
1976). Typically the rate of streaming increases with temperature, with
characeans commonly showing a linear dependence.ere exists a supra-
optimal temperature above which streaming ceases and cell death follows.
Some authors also report aminimum temperature belowwhich streaming
halts. Pickard (1974) reports an range forC. Braunii of 5 − 45 C.Mustacich
and Ware (1976) report 4 − 34 C for N. Flexilis. e data presented in
Kamiya’s 1959 review shows non-zero streaming at temperatures as low
as 2 C for N. Syncarpa (Na¨geli, 1860) and as low as 1 C for N. Mucronata
(Lambers, 1925), though we have not located the original sources to check
the protocol used.e dependence of streaming on temperature is signif-
icant. Mustacich reports 2.6 µm s−1 K−1 (Mustacich and Ware, 1976) and
Pickard (1974) reports 3.4 µm s−1 K−1.is means that measurements of
streaming velocities should always take temperature into account, as dif-
ferences of a few Kelvin correspond to signicant changes in streaming
velocity. In some cases it has also been observed that a sudden jump in
temperature, either up or down, halts streaming temporarily, though not
all results are in agreement (Kamiya, 1959).
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2.3.4 Light Sensitivity
Visible light can retard, stop or accelerate streaming, and in some cases
induce streaming in inactive cells (Kamiya, 1959). Plieth andHansen found
that the transition from dark to light causes a reversible increase in the
streaming rate of 15 − 30% (Plieth and Hansen, 1992), with a typical time
constant of 300 s for adjustment. e transition from light to dark was
much slower and could take as much as 2000 s. Harvey observed inNitella
that a high intensity UV ash briey stops streaming locally, and only on
the side of the cell directly exposed (Harvey, 1942). Mustacich and Ware
showed that a highly focused beam fromanArgon laser (514.5 nm) inhibits
streaming locally, aecting a region from 200 µm upstream to 400 µm
downstream. As mentioned earlier, prolonged exposure from any high in-
tensity light source is known to damage the chloroplasts, which swell and
ultimately detach. Streaming is restored aer a few days of recovery and
this technique is used commonly to create a chloroplast-free window for
observation of streaming, especially when using laser-Doppler scattering
(Kamitsubo, 1972; Allen, 1974; Mustacich and Ware, 1974, 1976, 1977; Ack-
ers et al., 1994).
2.3.5 Gravity Sensing
Vertically oriented cells typically show a 1.10 ratio in the upward (basi-
petal) and downward (acropetal) streaming rates that is well documented
for many characean algae (see Staves et al. (1997) and references therein).
Because this dierence in velocity is not present in a horizontally oriented
cell, cytoplasmic streaming has been implicated in connection to gravity
sensing in characean cells, which in turn plays a role in growth control.
Staves, Wayne and Leopold claim that the dierence in streaming ve-
locities is a result of physiological control, rather than a direct eect of
gravity (Wayne et al., 1990, 1992; Staves et al., 1992, 1995, 1997). Dieren-
tial pressure exerted by the cytoplasmic mass on the extra-cellular matrix
(ECM) is hypothesised to act as the sensing mechanism. A rivalling the-
ory attributes gravity sensing to sedimentation of statoliths and parabolic
ight experiments have even be performed to test this idea (Limbach et al.,
2005; Volkmann et al., 1991). However, the fact that the streaming dier-
ence disappears when the density of the surrounding medium is matched
to that of the bulk protoplasm appears to discredit statolith theory (Staves
et al., 1997).
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2.3.6 e Actin-myosin System
Identication of the Streaming Mechanism in Characeans
Since sliding theory was proposed by Kamiya and Kuroda (1956) to ex-
plain the lack of shear gradient observed within streaming cytoplasm, ve
decades of research have lead to the understanding that cellular organelles
are ferried along bundles of actin laments xed on the chloroplast rows
bymyosin ximolecularmotors. Good overviews of the research leading to
the isolation of the actin-myosin system in characeans are given by Shim-
men (Shimmen and Yokota, 2004; Shimmen, 2007).
e identication of actin started with the work of Kamitsubo (1966),
who found cables on the surface of chloroplasts and developed the tech-
nique for creating a chloroplast-free window (Kamitsubo, 1972).e fact
that streaming along the chloroplast-free window was restored once the
cables regenerated formed a direct indication of their involvement in cy-
toplasmic streaming. Electron microscopy observation by Nagai and Reb-
hun (1966) showed that the cables were in fact bundles of microlaments.
Evidence that the microlaments were a form of actin was presented by
Williamson (1974) and Palevitz et al. (1974), who demonstrated that heavy
meromyosin (HMM) attaches to microlaments, rst in extracted cyto-
plasm and later also in situ on the chloroplast rows (Palevitz and Hepler,
1975). Kersey et al. (1976) subsequently showed that the actin bundles are
polarised and that the direction of streaming corresponds to the polarisa-
tion of the laments.
Using tonoplast-free cells Williamson (1975) and Tazawa et al. (1976)
demonstrated that streaming requires atp and is inhibited by cytochalasin
B, which prevents actin polymerisation.e work byWilliamson also sug-
gested that a myosin-like component attaches to cellular organelles, as or-
ganelles became strongly bound to the actin bundles in an ATP-depleted
perfusion stream. Nagai and Hayama (1979) used electron microscopy to
show that this linkage was achieved through nm-scale regularly spaced
electron-dense structures. Kachar and Reese (1988) later found that a 3-
dimensional membrane structure believed to be the rough endoplasmic
reticulum moves along the actin laments. Shimmen and Tazawa (1982)
successfully reintroduced centrifuged cytoplasmic organelles from Chara
Australis in a tonoplast-free cell of Nitella Axilliformis, which then moved
along the direction of polarisation , providing further suggestion of that
cellular organelles associate with myosin. Purication of myosin proved
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technically dicult, but was ultimately achieved for lily pollen tubes by
Yokota and Shimmen (1994) and for Chara Corallina by Yamamoto et al.
(1994).
Motile properties of Characean Myosin
Motion of myosin along actin laments has been studied using a variety
of in vitro and hybrid motility assays throughout the years.e rst gen-
eration of these was developed by Kuroda (1983), who cut open a Nitella
internodal cell and spread the cell wall with intact chloroplast rows out on
a cover slip, to create a plane of actin tracks. A slow reconstituted streaming
of about 0.4 µm/s was observed in the presence of HMM. Sheetz and Spu-
dich (1983) used the same technique to measure the movement of HMM-
coated uorescent beads, thereby creating the rst in vivo/in vitro hybrid
motility assay.e average bead velocity observedwas 2.5 µm/s. Yamamoto
et al. (1982) developed a method to treat actin fromDyctiostelium with bi-
otinylated severin, so that it could be attached to a substrate coated with
avidin. Using this method, HMM-coated beads could be observedmoving
along the laments at rates similar to theNitella system. Kron and Spudich
(1986) later visualised motion of rhodamin-phalloidin labelled actin along
cover slips coated with rabbit skeletal myosin, observing rates of motion
of 3− 4 µm/s. Kohno et al. (1991) applied this technique to a crude extract
from lilly pollen tubes and observed sliding at 2 µm/s. A motility assay
with myosin extracted from Chara Corallina was nally constructed by
Yamamoto et al. (1994), who observed rates ofmotion of 25 µm/s. Higashi-
fujime et al. (1995) subsequently observed average velocities around 60
µm/s using a similar assay, a velocity that is of the same magnitude as the
streaming velocities observed in vivo.
e collective force-velocity relation of streaming motion was probed
using a centrifuge-microscope by Oiwa et al. (1990), Chaen et al. (1995)
and Sugi andChaen (2003), whomeasured the velocities ofmyosin-coated
polystyrene beads injected into the cytoplasm. Beads with large (> 8 pN)
stall forces displayed a linear decrease of the velocity as the force was in-
creased towards the stall force. Beads with small stall forces (< 2.4 pN) dis-
played a double-hyperbolic curve, analogous to the force-velocity curve of
single muscle bres.
Stepping dynamics of characean myosin have been investigated with
motility assays and single molecule optical trapping. Some controversy
still exists around the questions how the high speeds ofmotion are achieved
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and whether stepping is processive (i.e. occurring in continuous stretches)
or non-processive (i.e. with detachment following each step).
Awata et al. (2003) presented motility assay studies that showed that
a minimum density of 200 myosin molecules per µm2 is required to in-
duce sliding. Comparison with similar studies using processive motors,
which require a density of only 1 myosin per µm2, suggests that characean
myosin moves in a non-processive manner (i.e. motion occurs in discrete
steps, rather than continuous stretches). is non-processivity was also
supported by single-molecule studies by Kimura et al. (2003), who found
a non-processive motion with a step size of 19 nm. Sumiyoshi et al. (2007)
contradict these ndings and claim that motion might well be processive
and that the step-size should be expected to be close to the half pitch of
an actin lament strand, which is 35 nm. ey base this hypothesis on
the fact that they measure a high duty ratio of the cycle, which trans-
lates to long attachment times.is high duty ratio is further supported
by the observation of pivot motion of the myosin molecules.ey claim
this motion could not occur under physiological conditions at the duty
ratio presented by Awata et al. (2003), which is smaller by a factor of ten.
e non-processivity of myosin in characeans is further called into ques-
tion by work on myosin xi in higher plants, which shows that motion is
processive, with a step-size of 35 nm.
A number of explanations for the high speeds of characean myosin
have been put forward. Yamamoto and colleagues hypothesise that the
high atpase activity of up to 500 s−1 head−1 (Ito et al., 2003) and low duty
ratio (Awata et al., 2003) conspire to produce a high stepping frequency. It
should be noted that these high rates of atp consumption would quickly
deplete supplies if all myosin molecules present in the cytoplasm are fully
activated. Yamamoto et al. (2006) estimate that an activated fraction of
order 0.01 is sucient to sustain streaming. Sumiyoshi et al. (2007) again
contradict the Yamamoto group hypothesis, claiming that the tenfold lar-
ger duty ratio found in their work is incompatible with the high stepping
rates proposed. Kimura et al. (2003) in turn note that the measured dwell
time (i.e. the dead time aer a step) under typical loads is too long to allow
the high frequencies required to attain in vivo velocities.ey therefore
propose a cooperative eect, where the step of a single motor produces a
negative load on other motors that could increase the rate of ADP release
in the post-force generation state and shortening the dwell time.
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2.3.7 Driving Mechanics and Cytoplasmic Rheology
Various studies have investigated the drivingmechanism and rheolog-
ical aspects of cytoplasmic streaming. A number of authors have presented
theoretical models of transport along the cytoskeleton with stochastic on-
o dynamics (Dinh et al., 2006; Snider et al., 2004; Maly, 2002; Smith and
Simmons, 2001). e most recent work of this form applied to stream-
ing is by Houtman et al. (2007), who describe streaming in transvacuolar
strands with a 2d model that includes on/o kinetics and hydrodynamic
interactions between particles through an Oseen tensor.
ere is also a range of studies that focus on the driving force asso-
ciated with streaming. As mentioned in 2.3.2, a study by Pickard (1974)
investigates the scaling of streaming with cell size. He presents analysis
to support the notion that most dissipation should occur near the neutral
lines. As metioned in section 2.3.2, his measurements of the streaming ve-
locity as a function of cell size show a V−1 ∼ R−1/2 scaling. He notes that
this is consistent with the combined assumption of a dissipation rate scal-
ing as V 2 and a driving power scaling as R.
Tazawa andKishimoto (1968) used perfusion experiments (see section
2.2.3) tomeasure themotive force.e pressure dierence between the two
reservoirs is adjusted so that streaming is halted in one of the bands, im-
plying that the shear force balances the motive force in the cytoplasmic
layer.e motive force obtained this way has a value in the range of 14−20
µN/cm2, consistent with centrifuge microscope measurements (Kamiya
and Kuroda, 1958), and is independent of temperature, suggesting that
the temperature-dependence of streaming is a consequence of a change
in cytoplasmic viscosity. He also examines the eect of tonicity, nding
an increase in the tonicity from 290 mM to 586 mM results in a lowered
streaming rate as well as an increased motive force. Decreasing the tonic-
ity in the cytoplasm to 190 mM resulted in a swelling of the chloroplasts,
causing a marked decrease in streaming rate and motive force, presum-
ably because of a resulting deformation in the actin bundles. Aer 5 − 20
mins, the chloroplasts regained their normal shape and streaming recov-
ered, though the motive force remained lowered.
Donaldson (1972) performed measurements of the forward streaming
velocity as a function of the applied perfusion pressure gradient. He as-
sumes a driving force localised to a layer thickness є and a power-law de-
pendence τ = −α(∂u/∂y)1/n for the viscous stress. His results show a good
correspondence for n = 3 and є = 0.1 µm.e corresponding motive force
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is F = 36 µN cm−2 is higher than the values found by Kamiya and Kuroda
(1958) and Tazawa and Kishimoto (1968), which he concludes is the re-
sult of a a systematic underestimation in these measurements due to the
fact that the small velocities and thin layers of movement near the stalling
point are very dicult to observe.
Hayashi (1980) applies similar analysis to the experimental results from
Kamiya and Kuroda (1956) for a protoplasm-lled cell. He approximates
the protoplasm, which is non-Newtonian and viscoelastic, as a power-
law uid and determines the best t parameters for the protoplasm lled
cell, as well as two cases of plug ow of extracted cytoplasm (Kamiya and
Kuroda, 1963). He nds an exponent of n = 1.4 for the protoplasm-lled
cell and exponents of n = 1.3 and n = 1.7 for the two cases of plug ow.
Nothnagel andWebb (1982) investigate various hydrodynamicmodels
for driving mechanics in the cytoplasm.ey conclude that the virtually
shear-less prole observed in the cytoplasm is best explained by assuming
a meshwork throughout the cytoplasm that is pulled along at the cell wall.
e endoplasmic reticulum is argued to be a structure that could full such
a role and there is some structural evidence from electron micrographs to
support this hypothesis (Kachar and Reese, 1988).
e role of the ER as backbone appears not to have been fully accepted
in the community. Indeed, given the large number of uid-like materials
the exhibit yielding behaviour (Coussot et al., 2002), any number of alter-
native rheological models may well describe the gel-like movement of the
cytoplasm.
2.4 Possible Implications for Biological Function
Although a great corpus of work has been published on the molecular
basis and even hydrodynamics of streaming, relatively few authors venture
into a discussion of its function. It has long been suggested that streaming
aids molecular transport in some way. Kamiya’s 1959 reviewmentions that
de Vries argued to this extent as early as 1885. However, concrete hypothe-
ses as to the mechanism by which streaming accelerates metabolic rates
have scarcely been put forward. Agutter et al. have argued that diusion
is not capable of explaining many transport phenomena in cells (Agut-
ter et al., 2000; Agutter andWheatley, 2000). Similarly, Hochachka (1999)
presents an argument that the degree of homoeostasis alongATPpathways
cannot be explained other than by assuming forms of active transport.
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emost important contributions to this discussion are without doubt
from Pickard. He discusses scaling of the streaming velocity and diu-
sional time scales with cell size (Pickard, 1974). He points out that a point-
source in the streaming cytoplasm will become a line-source w.r.t. objects
xed at the cell wall. He also suggests that streaming as such does not
necessarily have to confer a benet to the cell if its real purpose is trans-
port of particles along the cytoskeleton.is second point is argued fur-
ther in a later publication where Pickard makes a case for streaming be-
ing an accidental consequence for vesicular transport along the cytoskele-
ton (Pickard, 2003). Finally he discusses scaling of exchange of molecular
species between organelles and their environment in advection-dominated
ows, where the Pe´clet number, which measures the dimensionless ratio
of advective and diusive transport, is high (Pickard, 2006). He shows that
uptake into a sphere scales as Pe2 at moderate Pe´clet numbers and crosses
over to Pe1/3 for large values of Pe.e underlying ideas are very similar to
those discussed in section 1.3 in the context of the swimming of Volvox, a
spherical colony of algae containing as much as 2000 cells, that generates
high Pe´clet number ows in order to increase itsmaximum rate of nutrient
uptake (Solari et al., 2006; Short et al., 2006).
Taking a broader look at the material presented in this review, we can
identify a range of metabolic processes where streaming may play a role.
· Intercellular transport – One of the most obvious ways in which a stream-
ing system might benet the organism is the enhancement transport be-
tween cells. As we have seen in section 2.2.2, the characean algae show
rapid growth by repeated division of a cell at the tip. Nutrient uptake and
intercellular transport studies (sec 2.2.6) show that characean algae take up
nutrients from thewater along their shoots, aswell as from the soil through
root-like rhizoidal cells. It is also known that the most active photosynthe-
sis takes place in the branchlets.ere is evidence that some forms of trans-
port are polar in nature, i.e. have a directional preference from roots and
branchlets to the tip (Ding et al., 1991a,b), and the streaming rate has been
shown to aect intercellular transport in a number of studies (Bostrom
and Walker, 1975, 1976; Zawadzki and Fensom, 1986a; Ding and Tazawa,
1989).
Streaming therefore clearly aids intercellular transport, and perhaps this
is in fact the main reason for its existence.e movement of the cytoplas-
mic bands could serve simply to act as a form of conveyor belt to speed
up transport of nutrients and metabolites towards the tip where they are
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needed for growth.e exact benets streaming aords in this manner are
not so straightforward to quantify. What is known about the rate of trans-
port through the plasmodesmata suggests that uxes are eectively diu-
sive.e inuence of streaming on the rate of transport would therefore
likely involve the details of boundary layer dynamics near the plasmodes-
matal openings, where too little is known to develop theory. For certain
basic metabolites, such as inorganic carbon, it may be possible to estimate
the nutrient requirements of the growing apex to assess howmuch stream-
ing must facilitate transport between cells in order to allow the growth
observed in vivo.
· Enhancement of cytoplasmic diusion–Pickard (1974), amongothers, raises
the notion that streaming could enhance mixing within the cytoplasmic
layer.is enhancement of diusive transport would have to arise either
from gradients in the mean velocity eld or from temporal uctuations
in the local velocity. What is known about the ow eld and cytoplasmic
rheology suggests these gradients are small, with the exception of the re-
gions near the neutral line.e Rheological evidence (sec 2.3.7) shows that
the sheared boundary layer near the wall could be as thin as 0.1 µm (Don-
aldson, 1972), suggesting that inhomogeneities near the wall are very lo-
calised. Moreover, given that the thickness of the cytoplasm is of order 2%
of the cellular radius, the amount of vacuolar shear across the cytoplasmic
layer should be expected to be < 1 µm/s. For medium sized proteins this
yields an upper bound estimate Pe = ∆Ua/D ≤ 1 for the Pe´clet number of
the cytoplasmic ow.is implies that the level of shear is likely insu-
cient to induce Taylor dispersion in the cytoplasmic layer, since the origi-
nal work on pipe ows (Taylor (1954b), see also section 4.2) indicates that
this type of dispersion takes place in the limit 4L/a ≫ Pe ≫ 6.9. More-
over, it is possible that shear is further constrained by the endoplasmic
reticulum, whose mesh-like structure extending throughout the cytoplas-
mic layer could have a gelling eect on the rheology (Kachar and Reese,
1988).
It is therefore not immediately apparent how the mere fact that the cyto-
plasm ismovingwould aect diusion ofmetabolites. It could be that there
are temporal uctuations in the cytoplasm that aid mixing. However, little
data exists on the magnitude of these uctuations.e laser Doppler scat-
tering experiments yield some information about the variability of veloc-
ities, but it is dicult give a precise interpretation to these results. Direct
measurements of these uctuations have proven challenging.e varia-
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tions in particle velocities are hard to separate from the experimental error.
A further complication is that the thickness of the cytoplasmic layer varies
signicantly over time.We can therefore not take the variations in velocity
at any xed point in the sample as a measure of the velocity uctuations
experienced by an advected parcel over time.
· Flow past chloroplasts – A signicant fraction of metabolic activity is lo-
calised to the stagnant periplasmic layer that holds the chloroplasts andmi-
tochondria.With respect to themetabolism of these organelles, the simple
fact that cytoplasm moves along the chloroplast rows should aid in main-
taining homoeostasis to some extent. As a result of this, the immobile layer
near the wall eectively interacts with a larger volume of cytoplasm, to a
degree that should in principle increase with the Pe´clet number.is idea
is akin to the notion presented by Pickard (1974) that a point source ef-
fectively becomes a line source in a owing environment.e extent of
this eect is limited in the sense that only uctuations in the direction of
ow will be suppressed. Circumferential enhancement of diusion will be
minimal, except possibly at the neutral lines.
· Alkaline band formation and photosynthesis – As indicated in section 2.2.4,
there appears to be a connection between streaming, alkaline band for-
mation and photosynthesis. A number of studies point to the fact photo-
synthetic carbon xation is enhanced by alkaline band formation and the
Calcium precipitation that results from it, whilst other studies show that
streaming is required for the formation of these bands.is suggests that
streaming directly ties into the ability of the organism to extract carbon
from its environment. e complexity of this problem, that involves an
interplay of external pH, membrane transport, streaming, diusion and
photosynthesis, easily warrants an entire study to itself. As such we have
found it to be beyond the scope of this rst study, but it remains a key
direction for future research.
e Role of Vacuolar Mixing in Cellular Metabolism
While it is clear that the of ideas presented above warrant further investi-
gation, the question that any of these explanations fail to oer insight into,
is why the geometry of ow exhibits such a strikingly symmetric form. In
particular, why is streaming up and down the cell the separated into only
two bands, and why are these bands helical in shape? It is this aspect of
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geometry that we will attempt to gain insight into by exploring the hydro-
dynamics of the streaming ow.
One of the perhaps most signicant implications of the two-band de-
sign found in Chara is that it produces a shear ow that extends all the
way into the vacuole — a higher number of more narrow bands would
certainly produce ows more localised to the periphery. Few insights have
been oered as to the metabolical signicance of this vacuolar shear.e
vacuole has in the past oen been regarded as a relatively insignicant to
cellular metabolism. However, over the last decades it has become increas-
ingly clear that the vacuole fulls a multitude of metabolic roles, acting as
a buering reservoir for pH homeostasis, and storing various metaboli-
cal building blocks such as sugars, polysaccharides and and organic acids
(Taiz, 1992). As such transport between vacuole and cytoplasm, and the
mixing of the vacuolar contents may well be of greater signicance than
previously realised. In Chara and Nitella species, the cellular radius is one
to two orders of magnitude larger than in typical plant cells. Vacuolar
transport may therefore well be diusion-limited for certain processes,
since diusional time scales increase quadratically with the length scale
and may thus be up to 4 orders of magnitude slower than in smaller cells.
In this context the helicity of the systemmay prove signicant. As dis-
cussed in the section 2.2.2, the twist of internodal cells is known to evolve
over the duration of cell development (Green, 1954; Green and Chapman,
1955). During early stages of growth an increasing twist develops in the cell
wall, followed by a gentle untwisting as the cell expands towards its ma-
ture length.is kind of controlled evolution suggests that there may be a
relevance to the helicity of the bands, particularly in the middle phases of
growth when a steady supply of nutrients is critical.is raises the ques-
tion whether the helicity of this system could serve to internal mixing in
some shape or form.
In the next chapter we present a simplest hydrodynamic description
of the internodal ow and nd a natural decomposition into two compo-
nents. In addition to the dominant component parallel to the helical forc-
ing, we nd a small secondary component transverse to the helical axis.
at component takes the form of a circulation between the two neutral
lines. It is this second component that has fundamental implications for
bulk transport of molecular species. As we will argue in chapter 4, this
could imply that one function of streaming is to enhance diusional trans-
port into and out of the vacuole.

3 hydrodynamics of cytoplasmic streaming
Given the complexity and energetic cost of of having a streaming system, it
seems clear that cyclosismust confer some signicant benet to the organ-
ism. In the last chapter we have seen that streaming is indeed implicated
in variety of processes.e most obvious of these is perhaps intercellu-
lar transport. Since Charales exhibit growth at the tip, yet are able to take
up nutrients and perform photosynthesis all along their surface, there is a
clear utility to the transportation of nutrients and cellular building blocks
up along the organism. Additionally, streaming may facilitate the forma-
tion of alkaline bands, which in turn appears to enhance carbon uptake.
ese aspects certainly merit further investigation, but in order to narrow
down the scope of the current project, we will begin with a closer exam-
ination of the hydrodynamics of the internodal ow and their relation to
intracellular mixing.
emain aspect that we will focus on in this work, is the question how
streaming could help overcome the disadvantages associated with having
cells of such a large size. As discussed previously, the notion has oen
been expressed in the literature that streaming somehow enhances mix-
ing, thereby aiding homeostasis, the stabilisation of metabolic rates over
uctuating levels of uptake and demand. Yet few mechanisms have been
put forward whose benets can be quantied. It is our goal to examine the
uid mechanics of this circulation with the hope of elucidating in what
way it may contribute to enhancing metabolic rates.
In searching for quantitative descriptions of the benets of stream-
ing, the characean algae present something of a unique case.e ow in
these organisms is perhaps the most organised and symmetrical of all the
streaming types found in nature. Two distinguishing features of the Char-
ales that require particular explanation are:
1. e reason for the high streaming rates found in vivo, which could
presumably only have evolved as a result of considerable genetic
pressure.
2. e reason for having a helically directed shear ow that extends
into the vacuole.
As discussed in the previous chapter, it is not immediately obvious in
what way streaming could enhancemixingwithin the layer of cytoplasm at
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the cellular periphery. However exchange between the cytoplasm and vac-
uole could well be diusion-limited. Since the vacuole is presumed to help
stabilise cytoplasmic concentrations by acting as a buering reservoir, the
mixing of vacuolar contents would be amechanism for aiding homeostasis
as proposed by (Hochachka, 1999).
In this chapter wewill analyse the uidmechanics of the vacuolar ow.
Looking at the symmetry of the problem, we nd that the helicity of the
streaming bands could be relevant to the ability of streaming to aid vac-
uolar mixing. A system with helical symmetry is found to dier subtly
from the simpler axial case with simple straight bands, in that it allows
for transverse components absent in the axial ow. A full solution of the
ow eld shows that these transverse components take the form of a small
circulation between the two neutral lines.e magnitude of this circula-
tion depends on the helical pitch of the cell. As we will show in chapter
4, this circulation results in an advection of material from the centre of
the vacuole towards the periphery and could thereby be a mechanism for
enhancing exchange between vacuole and cytoplasm.
3.1 e Signicance of Symmetry in Intracellular Transport
e unique level of symmetry in the geometry of characean internodes
makes the system suitable to a relatively straightforward hydrodynamic
description.e cytoplasmic bands eectively impose a value for the ve-
locity at the boundaries, so the ow can be modelled as a shear ow inside
a cylinder. In this section we’ll outline the ow problem to be solved, and
explain how the symmetry of the geometry aects the formof the solution.
3.1.1 Stokes Flow Inside a Cylinder
As discussed in the rst chapter, the motion of uids is described by
a set of so-called continuum equations that govern the time evolution of
the density of mass, momentum and energy. Together these equations are
known as theNavier Stokes Equations, though the term can also refer to the
momentum equation alone. In a lot of cases it is not necessary to describe
heat ow, so the uid can eectively be be described by themomentumand
mass equations alone. Regular liquids have two basic properties. (1)ey
are incompressible, i.e. their density is constant to good approximation. (2)
ey are Newtonian, i.e. the stress required to shear them is proportional
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to the rate of strain. For these types of uids, the equations for momentum
and mass are given by (Batchelor, 1967):
ρ (∂v
∂t
+ v ⋅ ∇v) = −∇p + η∇2v , (3.1)
ρ(∇ ⋅ v) = 0 . (3.2)
Here v is the velocity eld, ρ is the density and η is the viscosity of the
uid.e topmost equation (3.1) expresses the evolution of themomentum
density. e mass equation (3.2) is also sometimes called the continuity
equation in this context. For an incompressible uid, which by denition
has a constant density, this equation reduces to the requirement that the
ow eld has a zero divergence everywhere.
As discussed in chapter 1, it is oen convenient to write these types of
problems their dimensionless form. By specifying a typical length scale and
rate of ow, we can renormalize the quantities in these equations as:
r = Rr˜ , v = V v˜ , t = R
V
t˜ , p = ηV
R
p˜ (3.3)
Aer this substitution, the momentum equation takes the form
Re(∂v˜
∂ t˜
+ v˜ ⋅ ∇˜v˜) = −∇˜p˜ + ∇˜2v˜ , Re = ρVR
η
. (3.4)
In our case, the typical ow rate V is at most 100 µm/s, whereas the radius
of the cell R is atmost 500 µm/s.e kinematic viscosity of water ν = η/ρ is
equal to 10−6 m2/s. So the Reynolds number is at most 0.05, which means
that ow problem can be simplied, by neglecting the lemost term in
(3.1). In this regime, known as Stokes Flow, the hydrodynamic equations
reduce to:−∇p +∇2u = 0 , ∇ ⋅ u = 0 . (3.5)
Here we have dropped the v˜ notation for convenience. Instead we will use
u = v˜ to imply that an equation is in its dimensionless formand vwhenever
dealing with real units.
It is not immediately clear how we should describe the ow near the
endpoints. However, the internodal cells have a very large aspect ratio that
typically lies upwards of 30. So for positions suciently far away from the
endpoints, the ow is well approximated as that inside an innite cylinder.
is assumption is supported by thework byPickard (1974) on ligated cells,
which indicates that the rate of ow is roughly independent of cell length
for cells with an aspect ratio L/R > 5.
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3.1.2 Pickard’s Solution for a Cell With Straight Bands
With this simplication in place, we are in a position to examine the
simplest version of this ow problem: the case of two straight, non-helical
bands owing along the z-axis.is problem, rst solved by by Pickard
(1972), reduces to nding the shear ow inside a cylinder under the as-
sumption of twomoving bands imposing opposite velocities at the periph-
ery. Because the bands are axially symmetric, the ow is purely directed
along the z-axis. It also has a symmetry along this axis if we treat the prob-
lem as an innite cylinder. Likewise, the pressure is symmetric along z in
the absence of externally applied gradients.is implies that u and p take
the form:
u = uz(r, θ)ez p = p(r, θ) . (3.6)
e continuity equation now reduces to ∂zuz = 0, which is a condition
that is automatically satised by symmetry.e three components of the
momentum equation become 1 :
−∂rp = 0 , − 1r ∂θ p = 0 , ∇2uz = 0 , (3.7)
e rst two equations implying that p is simply a constant.e momen-
tum equation therefore reduces to to nding a solution to the problem∇2uz(r, θ) = 0, which is just Laplace’s equation with Dirichlet boundary
conditions – a well-known PDE problem.e solution is readily found by
separation of variables:
uz(r, θ) =∑
n
Dnrn sin nθ . (3.8)
e application of a step-function boundary condition for the velocity,
such that uz = 1 on the upwardmoving band and uz = −1 on the downward
one, then yields coecients:
Dn = { 4/(pin) n odd0 n even (3.9)
1 Please note that here is a slight ambiguity in our notation here:∇2u is used to refer to the
vector Laplacian, whereas∇2uz is the scalar Laplacian. However, in cylindrical coordinates
the z-component of the vector Laplacian is in fact equal to the scalar Laplacian, so there is
no need to dierentiate between the two in this particular case.
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Figure 3.1e solution in equation 3.10 as obtained by Pickard (1972). (a)Contour
plot of uz along the xy-plane. Colours denote the streaming rate along the z-axis.
(b) Radial modes Dnrn for n = 1, 3, 5, 7, 9.
Pickard (1972) further showed that the series in equation 3.8 converges to
a simple analytical form.
uz(r, θ) = 2pi arctan 2r sin θ1 − r2 . (3.10)
is form can be seen in gure 3.1, which shows a contour plot of uz in the
xy plane, along with the radial modes Dnrn.
3.1.3 e Pe´clet Number and the Role of Symmetry
e eect of this advective ow on diusive dynamics is governed by
the advection-diusion equations, that describe the diusion of a metabo-
lite ρ with diusion constant D in the presence of a ow eld v:
∂tρ + (v ⋅ ∇)ρ = D∇2ρ. (3.11)
e relative strength of the advective and diusive terms is given by the
Pe´clet number, which parametrises the dimensionless form of the equa-
tion (see 1.2):
∂tρ + Pe(u ⋅ ∇)ρ = ∇2ρ, Pe = VR/D. (3.12)
Again, we employ the convention here that u is taken signify that the ve-
locity and coordinates are now in dimensionless form.e Pe´clet number
contains a typical velocity, a typical length and the diusion constant of the
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problem. For V and R we can take the same ow rate of 50 µm/s and the
cell radius of 500 µm. Diusion constants in water range from Dm ∼ 1000
µm2/s for a smallmolecule (Nelson, 2004), toDp ∼ 10 µm2/s for larger pro-
teins (Phillips et al., 2008). Pe´clet numbers will therefore lie somewhere in
the range of 25-2500, depending on the type of solute, and ows are there-
fore moderately to strongly advection-dominated.
However in spite of these high Pe´clet numbers, the eect of streaming
on transport will still depend qualitatively on the symmetry of the prob-
lem. In the case of the approximate solution by Pickard for example, the
ow eld only has a z-component, and therefore only couples to gradi-
ents along the z-axis. Hence there is no mechanism for enhancement of
radial transport. Of course, even an axially symmetric ow can be subject
to eects like Taylor Dispersion, whereby spreading along the direction
of ow is enhanced since diusing molecules will spend varying amounts
of time in regions of high ow (Taylor, 1953, 1954a,b). However, these ef-
fects only become dominant over transport distances ∆z/R ≫ Pe where
enough diusion along the radial direction takes place to result in a dis-
persion of advection rates. In the case of this system this would mean that
Taylor Diusion would only become signicant on time scales equivalent
to multiple loops up and down the cell.
So while Pe´clet numbers can be nominally large, it is not immediately
clear how streaming would serve to enhance vacuolar mixing in the case
of straight bands.e symmetry of the helical case is subtly dierent in
this respect.is dierence is rooted in the fact that the chiral symmetry
is broken in this system, since a spiral can be either le- or right-handed.
So whereas the axial case is invariant under le-right reversal along the
x-axis, the helical case is not. is implies that there could in principle
exist a le-right asymmetry in the resulting ow eld that allows for radial
advection.is radial advection in turn could aid vacuolarmixing in away
that is qualitatively absent in the axial case.
To investigate this idea further, wewill write down a full solution of the
helical problem. Before we do so, however, we will examine the symmetry
properties of the helical case to see in what way this change in symmetry
aects the ow eld.
3.1.4 Helical Symmetry in the Characean Internode
e basic property of a system with helical symmetry is that there is
an invariance under a combined translation and proportional rotation.
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Figure 3.2 Helical coordinate system and boundary conditions used in solution
of streaming ow. Shown are the downstream axis eH , oriented parallel to the
streaming bands, and the spanwise axis eφ , oriented perpendicular to the bands.
Figure 3.2 shows the case of an internodal cell approximated as an in-
nite cylinder.e ow eld here is symmetric, in the sense that it is in-
variant along the z-axis up to a rotation κz.e single parameter of this
symmetry is the wave number κ which species a rate of rotation peri-
odic over the wavelength λ = 2pi/κ of the bands. In the literature, the
pitch of the helix is also sometimes measured by the angle β that the neu-
tral line makes with respect to the z-axis, which can be related to κ by
β = arctan(κR) = arctan(2piR/λ).
A natural coordinate with respect to this invariance is the helical angle
φ = θ − κz, which is just the cylindrical angle θ corrected for the helical
orientation κz. Now by denition, any solution of the ow eld may only
depend on the r and φ coordinates, since the system is invariant under all
transformations that preserve φ.
A corollary of this choice of coordinates is that it also determines a cor-
responding set of basis vectors. Keeping the radial coordinate and its basis
vector, the basis vector eφ = ∇φ/ ∣∇φ∣ can be uniquely obtained from the
gradient of the coordinate, and a third axis eH = er ×eφ is now determined
by orthogonality with respect to the other two.e basis transformation
then takes the following form:
er = er , eφ = 1h (eθ − κrez) , eH = 1h (κreθ + ez) , (3.13)
where h = √1 + κ2r2.e reverse transformation is given by:
er = er , eθ = 1h (eφ + κreH) , ez = 1h (κreθ − eH) . (3.14)
As illustrated in gure 3.2, the vector eH is aligned parallel to the bands
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everywhere, and thus points along the axis of symmetry.e vector eφ is
orthogonal to the bands at every point.
It should be noted thatwhile the choice of φ uniquely species the basis
vectors, it does not determine a unique coordinateH along the helical axis.
In fact, a peculiarity of helical coordinate systems is that there is no global
coordinate function H such that ∇H/ ∣∇H∣ = eH . 2 While this would be
problematic in a non-symmetric system, we can gloss over this problem
in our case, since the symmetry dictates that there is no H-dependence
anyway.
e lack of unique global coordinate leaves a degree of freedom in our
choice of the metric for the coordinate system, which denes the local co-
ordinate dependence. While this choice leaves the basis set unchanged, it
does aect the form of dierential operators. One of the more convenient
choices turns out to be to enforce the constraint ∆φ∆H ∝ r. Hereby a sur-
face of constant r, and area r∆θ∆z, maps to a xed interval in φ and H for
all r.e real space distance of an innitesimal displacement in terms of
the change in coordinates is given by the line element of the metric. With
our current choice of coordinates this line element then becomes:
ds2 = dr2 + r2
h2
dφ2 + h2dH2 . (3.15)
Given this metric, the gradient takes the following form:
∇ f = ∂ f
∂r
er + hr ∂ f∂φ eφ + 1h ∂ f∂H eH . (3.16)
e divergence takes the form
∇ ⋅ v = 1
r
∂
∂r
(rvr) + hr ∂vφ∂φ + ∂vH∂H , (3.17)
2 To see this, imagine following the line pointing along eφ in gure 3.2. If you start at one of
the neutral lines and keep going for an entire period in φ, you end up on the same neutral
line where you started, but at a dierent point along the band. However, this point should
have the same H coordinate, since you only moved along φ.e only way this could be
true was if H were a periodic coordinate like φ, but then H could never be used to span
the surface area of an innite cylinder. So a global coordinate for H simply does not exist.
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and the curl can be written as
∇× v = [ 1
r
∂vH
∂φ
− 1
h
∂vφ
∂H
] er
+ [ 1
h
∂vr
∂H
− 1
h
∂
∂r
(hvH)] eφ
+ [h
r
∂
∂r
( r
h
vφ) − hr ∂vr∂ f ] eH .
(3.18)
e vector Laplacian, which is in general dened by∇2v = ∇(∇ ⋅ v)−∇×(∇× v), takes the form:
∇2v = [ ∂
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∂vr
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]eH
(3.19)
3.1.5 Downstream and Stream function Components of Flow
e above expression for the Laplacian in fact proves rather impracti-
cal when solving the Stokes equations (3.5). However, the helical coordi-
nates are very useful in highlighting the symmetry properties of the sys-
tem. Like in most shear ows, there is a natural separation of the down-
stream component uH w.r.t to the two wall-normal and spanwise compo-
nents ur and uφ. Having approximated the system as an innite cylinder,
the ow is invariant along H and the continuity equation simplies to
∇ ⋅ u = 1
r
( ∂
∂r
(rur) + h ∂uφ∂φ ) = 0 . (3.20)
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e introduction of a so-called stream function Ψ(r, φ) can now ensure
that the continuity condition is satised by construction.is stream func-
tion is dened through the relation
u(r, φ) = w(r, φ)eH − 1h∇Ψ(r, φ) × eH . (3.21)
e components ur and uφ are therefore given by:
ur = − 1r ∂Ψ∂φ , uφ = 1h ∂Ψ∂r , (3.22)
and the continuity equation (3.20) is satised identically, as:
∇ ⋅ u = 1
r
(−∂r∂φΨ + ∂φ∂rΨ) = 0 .
A corollary of this decomposition is that streaming will inuence dif-
fusion along the downstream and transverse axes in distinctly dierent
ways. Like the ow eld, the advective term in advection-diusion equa-
tion (3.12) expands into a downstream and transverse part:
(u ⋅ ∇)ρ = w(r, φ) ∂ρ
∂H
− 1
r
∂Ψ
∂φ
∂ρ
∂r
+ 1
r
∂Ψ
∂r
∂ρ
∂φ
.
So whereas the downstream component couples to the gradients along the
H-axis, it is the stream function terms that aects transport along the ra-
dial and spanwise directions.
In the approximation as presented by Pickard (equation 3.10), which
is equivalent to a helical coordinate system in the limit λ → ∞, ow is
purely directed along the axis of symmetry and no coupling in the radial or
spanwise directions takes place.is approximation could be appropriate
for intercellular transport problems, where the concentration gradients are
predominantly longitudinal.
On the other hand, if boundary conditions are such that the advection-
diusion equations share the symmetry of the ow eld, it is the stream
function components that determine the eect of advection on diusive
transport.e simplest andmost obvious example of this is the case where
an outside concentration ρb = ρb(t) is approximately constant at the sur-
face of the cell and depends only on time.e signicance of this is that
we should expect precisely global changes in concentration, which have
no mean variation along the helical axis, to be sensitive to the transverse
components of ow.
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Figure 3.3 Boundary value for the solution u(1, φ) = w(1, φ)eH . We use a tanh
dependence to smooth out the cross-over at the boundaries.is dependence has
a characteristic width ε, resulting in a gradient that extends over a neighbourhood
of about 4ε around the neutral line. In most of our calculations we use ε = pi/32,
corresponding to a neighbourhood width of about 200 µm.is is larger than the
typical widths found in vivo (40 µm) but suciently precise for our purposes.
3.2 Solution of the Flow Field
In the previous section we have seen that the symmetry of a helical
internode allows for a ow eld that is qualitatively dierent from that
of a cell with straight bands.e distinction between the two is that the
stream function components of ow are zero in the axial case, whereas
in the helical geometry stream function components are not necessarily
zero.is dierence is ultimately rooted in the broken chiral symmetry
of a helical system, which must be either le-handed or right-handed. In
this section we proceed to obtain a full solution of the helical ow eld to
investigate what form these stream function components take and learn
how they might aid in redistributing vacuolar content.
As we have seen in the previous section, the hydrodynamical prob-
lem at hand is that of obtaining the Stokes ow solution inside an innite
cylinder with a specied velocity at the boundary. Meleshko et al. (2000)
have shown that this type of problem can be solved as a Fourier-Bessel ex-
pansion in cylindrical coordinates. Given the somewhat unwieldy form of
the vector Laplacian in helical coordinates (eq 3.19), this approach indeed
proves to be the most practical to our case. We will therefore initially solve
for a set of ow components (ur , uθ , uz) and then reconstructw(r, φ) and
Ψ(r, φ) from the solved forms.
In dening our boundary velocity at r = R, we will take a piecewise
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constant value U over the top and bottom domains φ = [0, pi) and φ =[pi, 2pi).e direction of ow reverses at the two neutral lines located at
φ = 0 and φ = pi.ese neutral lines are typically characterised by a sin-
gle row of missing chloroplasts, so the reversal takes place over a narrow
neighbourhood є of order 10 µm. Rather than approximating the bound-
ary velocity with a step-function, which will result in poor convergence
of the Fourier expansion due to ringing artefacts, we will keep this nite
length є and use a hyperbolic-tangent dependence near the neutral lines
to obtain a continuous cross-over (see gure 3.3).e dimensionless form
of the downstream component w thus becomes
w(1, φ) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩
tanh(φ/є) 0 ≤ φ < pi/2− tanh((φ − pi)/є) pi/2 ≤ φ < 3pi/2
tanh((φ − 2pi)/є) 3pi/2 ≤ φ < 2pi . (3.23)
FollowingMeleshko et al. (2000), the hydrodynamic solution can now
be obtained from the boundary conditions as a mode expansion (Gold-
stein et al., 2008).e θ and z dependence in the general solution takes
the form of a double sum over Fourier modes. Since the boundary veloc-
ity is odd around both φ = 0 and φ = pi, its Fourier expansion will have
the form
u(1, φ) = ∑
n odd
Wn sin(nφ)eH , (3.24)
Here Wn are the Fourier expansion coecients of the boundary condi-
tion specied in (3.23). Translation of this form to cylindrical coordinates
yields.
uθ(1, θ , z) = κ√
1 + κ2 ∑n oddWn sin(n(θ − κz)) ,
uz(1, θ , z) = 1√
1 + κ2 ∑n oddWn sin(n(θ − κz)) .
Sowe see that the velocity components at the boundary behave as sin(nφ).
Because of the linearity of the Stokes equations the same must be true for
all r. So whereas the general solution would take the form of a double sum
over modes in θ and z, the symmetry of the problem is reected in the
fact that only specic combinations of modes in θ and z contribute.ese
combinations can be written out explicitly by using that
sin(a + b) = sin(a) cos(b) − cos(b) sin(a)
62 Hydrodynamics of Cytoplasmic Streaming
to expand the relations above to
unθ(r, θ , z) = unθ(r)[sin(nθ) cos(nκz) − cos(nθ) sin(nκz)] ,
unz (r, θ , z) = unz (r)[sin(nθ) cos(nκz) − cos(nθ) sin(nκz)] .
e requirement that ∇ ⋅ u = 0 now determines that ur should have the
form
unr (r, θ , z) = unr (r)[cos(nθ) cos(nκz) + sin(nθ) sin(nκz)]= unr (r) cos(nφ) .
Similarly, the pressure will need to take the form pn ∼ cos(nφ) to satisfy
the momentum equation ∇2u = ∇p.
So we have found that only combinations of modes that depend on
φ = θ−κz contribute to the solution, as is required since our nal solution
my only depend on (r, φ) coordinates. So the fact that we are solving a
problem with two variables instead of three means that the double sum in
the general solution reduces to a single sum in our case.e form of the
solution we will obtain is therefore:
ur(r, φ) = ∑
n odd
unr (r) cos(nφ), (3.25a)
uθ(r, φ) = ∑
n odd
unθ(r) sin(nφ), (3.25b)
uz(r, φ) = ∑
n odd
unz (r) sin(nφ), (3.25c)
p(r, φ) = ∑
n odd
ηpn(r) cos(nφ) . (3.25d)
To nd the radial modes, we now introduce the substitution
unr = −(an + bn)/2 , unθ = −(an − bn) .
ese modes can now be substituted into the equations for Stokes ow
(3.5). As shownbyMeleshko et al. (2000), the solutions for the radialmodes
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then the form of a combination of modied Bessel functions
anr (r) = 1In(nκ) [AnIn+1(nκr) + Pn κr2pi I′n+1(nκr)] , (3.26a)
bnr (r) = 1In(nκ) [BnIn−1(nκr) + Pn κr2pi I′n−1(nκr)] , (3.26b)
unz (r) = − 1In(nκ) [CnIn(nκr) + Pn κr2pi I′n(nκr)] , (3.26c)
pnr (r) = − 1In(nκ) [Pn κpi In(nκr)] . (3.26d)
e form above satises themomentumequation.e continuity equation
reduces to a simple relation between the coecients
Pn = −npi(An + Bn − 2Cn) . (3.27)
is relation allows us to eliminate Pn from equations 3.26(a-c), which
aer substitution of r = 1 reduce to a linear system of equations that can be
used to obtain An, Bn and Cn from the boundary velocity coecientsWn.
is problem can be readily solved using standard linear algebra soware.
e coecients An, Bn and Cn now determine our radial functions
an(r), bn(r) and unz (r), which relate to wn(r), unφ(r) and Ψn(r) through
the relations
unφ(r) = − 1h (an(r) − bn(r) + κrunz (r)) , (3.28a)
wn(r) = − 1
h
(−κran(r) + κrbn(r) + unz (r)) , (3.28b)
Ψn(r) = − r
n
unr (r) . (3.28c)
3.2.1 Properties of the Solved Modes
Having obtained the radial modes through the method above, we are
now in a position to examine the eect of helicity on the internodal ow. A
series of panels in gure 3.4 shows the downstream component uH = weH
and the stream function components uΨ = −(∇Ψ)/h × eH for a series of
wavelengths λ = 3.0, 12.0, and 25.0.e colours denote the projection of
each component along the z-axis, with the arrows showing the in-plane
projections.
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Figure 3.4 Contour plots of helical and stream function components of ow for
wavelengths λ = 3.0, 12.0, 25.0.e colours denote the magnitude along the z-
axis, with arrows indicating the magnitude of the in-plane ow.e morphology
of the solution shows a weak dependence on the wavelength, and aside from its
orientation the helical term is very similar to its asymptotic λ → ∞ solution as
solved by Pickard (1972) (see gure 3.9).e stream function component shows
a double circulation loop through the centre of the cell, the magnitude of which
depends strongly on the helical wavelength.
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Figure 3.5 Illustration of advective trajectories in a spiralling internodal ow.
Shown is the path of a parcel near one of the neutral lines over one helical period,
in a ow with λ=3 and ε=pi/32. (a) Path of a uid parcel with starting coordinates
r = 0.8 and φ = pi/16. (b) Projection of the trajectory onto the xy-plane.
As is to be expected, the downstream component takes a form that is
qualitatively similar to the Pickard solution (g 3.1).e wavelength de-
pendence in this component is weak, in the sense that there are no imme-
diately observable dierences in the cross-sectional proles, aside from a
trivial shi in orientation along the helical axis.
e main nding resulting from this analysis is that the helicity of the
ow does in fact imply the existence of stream function components of
ow.ese components take the form of a gentle circulation that moves
between the neutral lines, looping back along the inside of the bands. Note
that the stream function components approach zero near the boundary,
since by denition u(1, φ) = w(1, φ)eH .e stream functionmode is qual-
itatively similar across dierent wavelengths, but its magnitude decreases
steeply as λ approaches innity. Taking λ = 12 as a typical number for the
minimumwavelength during cellular development, we see that themagni-
tude of this ow is a modest 0.5% of the wall-velocity. Yet with wall Pe´clet
numbers that can easily lie upwards of 100, the eects of this small advec-
tion could well be signicant.
For the purposes of illustrating the eect we show an advective trajec-
tory in gure 3.5. In trajectories of uid parcels near the neutral lines for
example, as shownhere for a trajectorywith λ = 3 and ε = pi/32, we see that
a uid particle can traverse the centre of the cell when it is follwed along
the z-direction over a distance equivalent to the wavelength of one helical
pitch. Since the circulation along the (r, φ)-coordinates takes place in an
advective frame along the H-axis, the real-word trajectories can be non-
trivial, producing spiralling forms as shown in panel b.e time scales of
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these circulation loops will be analysed further in chapter 4.
e scalar elds p and Ψ are shown in gure 3.6.e pressure shows
two extrema at the neutral lines, reecting the same asymmetry related to
the handedness of the spiral as is observed in the stream function com-
ponents. As with the components of ow, the solutions show a great deal
of similarity across wavelengths. A slight dependence on the cross-over
width manifests itself in that the extrema at φ = 0 and φ = pi becomemore
conned as ε decreases.
e corresponding Ψ cross sections show two rounded extrema in the
upper and lower half plane.e isocontours of these extremamark the tra-
jectories that particles followwhen advected by the transverse components
uΨ. As the cross-over width decreases, a subtle sharpening of the corners
of these contours is visible, but the eld is qualitatively very similar across
dierent values of both ε and λ.
Given the weak dependence on the cross-over width, we will use ε =
pi/32 for reasons of numerical convenience, unless otherwise stated. For a
typical cell, this corresponds to a cross-over width of about 4εR = 200 µm.
Looking at the solved radial modes (gure 3.7), we see that the so-
lutions for unH(r) and pn(r) are in fact highly similar in shape. However,
this similarity is not immediately apparent when examining the equations.
Note that the 2-dimensional proles take a quite dierent form as a result
of the fact that uH ∼ sin(nφ) while p ∼ cos(nφ).
e modes for unr (r) and unφ(r) show that the stream function com-
ponents are dominated by the rst mode, which determines the rate of
circulation at the centre of the cell u1r(0). Note that both the stream func-
tion modes and their derivatives ∂runφ(r) approach zero at the boundary,
as is required in order for the velocity eld to be divergence free. Figure
3.8 shows the modes for the stream function. e extrema in gure 3.4
show up as a single maximum in the rst mode, with higher order terms
responsible for the subtle changes in corner shape observed for varying ε.
Since the stream function components are all but determined by their
rst mode constituent term, the following simple form provides a useful
approximation for the stream function:
Ψ(r, φ) ≃ αψr(1 − r2)2 sin(φ) . (3.29)
e amplitude αψ = −u1r(0) is equal to the rate of ow through the centre
of the cell.e dotted line in gure 3.8 shows the approximation of the rst
mode. While the polynomial approximation of the rst mode is entirely
3.2 Solution of the Flow Field 67
Figure 3.6 Contour plot of pressure and stream function elds at λ = 12.0.e
pressure shows a gradient between the neutral lines, revealing the same asym-
metry that drives the circulation through the centre. e pressure gradient is
order 1 in this dimensionless solution, corresponding to pressure term of order
P ∼ ηV/R = 10−4Pa in real units (when substitutingV = 50 µm/s and R = 100 µm.
e stream function shows an anti-symmetric maximum and minimum in the
upper and lower half planes.e isocontours of these extrema dene the advec-
tive trajectories uid elements will follow in the absence of diusion.
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Figure 3.7 Radial modes for vacuolar ow. (a)Down-streammodes. (b) Pressure
modes. (c) Radial modes. (d) Spanwise modes. Note that the circulation in the
stream function components result almost entirely from the rst-order modes of
the expansion, which dier qualitatively from the higher order terms in that they
produce a non-zero ow at the centre of the cell.
Figure 3.8 (a)Modes for the stream function at λ = 12 and ε = pi/32.e dotted
line shows the empirical approximationψ1(r) ≃ αψr(1−r2)2. (b)e deviation of
the empirical approximation for the analytical solution ∆ψ = ψ1(r)−αψr(1− r2)2
is of order 0.2% of the mode amplitude aψ .
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Figure 3.9 Magnitude of the deviation from axial ow at λ = 12 and ε = pi/32.
(a)Dierence between downstream component with λ = 12 and the downstream
term of the same solution at λ = ∞, which is equivalent to Pickard-type axial
boundary conditions. (b)Magnitude of the stream function components relative
to the downstream term.
empirical, it does in fact yield a very close correspondence; at λ = 12 the
relative deviation ∣ψ1(r)/αψ − r(1 − r2)2∣ does not exceed is 0.0016.
To quantify how much the downstream prole of a helical solution
deviates from the prole observed in the axial case, we calculate the dier-
ence ∆w between the downstream prole at λ = 12 and the downstream
prole at λ = ∞.e result is shown in gure 3.9a. As expected, we see
that the solution for the downstream component is in fact very close to the
equivalent solution of the axial case (equation 3.8), with deviations not ex-
ceeding 4%. Figure 3.9b shows that the deviations arising from the stream
function components are most visible along the y = 0 centre line where
the downstream component approaches zero.
3.2.2 Dependence on the Helical Pitch
Having seen that both the downstream and stream function solutions
are qualitatively similar across wavelengths, the dependence of the ow
eld on the helical pitch is primarily characterised by a change in ampli-
tude of the stream function modes. Figure 3.10 shows the strength of both
components as calculated by the root mean square magnitude.e down-
stream term is shown to be roughly constant across the range of naturally
occurring wavelengths, while at shorter wavelengths driving eciency is
reduced as the width of the bands becomes comparable to the cell diam-
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Figure 3.10 Root mean squared magnitude of the two components of ow aver-
aged over the xy-plane.e downstream component (right axis) shows a weak
dependence on the helical wavelength.e stream function component is much
smaller in magnitude and its amplitude approaches zero for λ → ∞ as required
by symmetry. For lower wavelengths it attains a maximum at λ = 2.75 that results
from a competition between decreasing driving eciency and increasing asym-
metry as λ approaches zero.e shaded area on the graph indicates the range of
wavelengths observed in vivo.
Figure 3.11Magnitude of helicity as determined by amplitudes of the rst modes.
(le axis)e stream function amplitude αψ (turquoise) shows the same basic de-
pendence as the RMS magnitude of the stream function velocity.e maximum
of this curve lies at λ = 2.8 αψ = 0.074. (right axis)e typical pressure gradient
αp (magenta) shows a more extend peak that reaches a maximum of αp = 1.5 at
λ = 5.9.
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eter. Note that the mean rate of transport along the z-axis varies more
strongly with the wavelength since the projection uH ⋅ ez = w/h contains
an additional factor h. e amplitude of the stream function terms ap-
proaches zero at long wavelengths, increasing at shorter wavelengths until
a maximum is reached at λ = 2.75.e magnitude of the stream function
component is about 6% of the RMS downstream velocity at themaximum,
and should be expected to be about 1% at height of development in a young
cell.
e stream function components are dominated by their rst mode
(g 3.7), so the amplitude of this mode provides a perhaps more useful
measure of the degree of transverse ow. Similarly, the pressure term can
be assigned an amplitude in this manner as well. Rather than looking at
the extrema of Ψ and p, it proves convenient to use their gradients at r = 0
to dene two amplitudes:
αΨ = ∂rψ1(0) = −u1r(0) = u1φ(0) , αp = ∂rp1(0) . (3.30)
e wavelength dependence of these amplitudes is shown in gure 3.11.
e stream function amplitude αψ shows a dependence very similar to⟨uΨ⟩rms.e pressure term shows a much broader range of non-axial de-
viations with a typical magnitude of about 0.1 Pa/m, peaking at a slightly
longer wavelength λ = 5.9.
3.3 Validation with Finite Element Methods
In order to verify that the qualitative formandmagnitude of the stream
function terms in the solution, we have also obtained solutions for the ow
eld using a Finite Element Method (FEM) based calculation.e com-
mercially available soware package ComSol allows computation of these
problems in a relatively straight-forward manner. While resolutions at-
tainable on a full 3-dimensionalmesh are limited compared to othermeth-
ods, this method does provide a robust and well-tested benchmark against
which our analytical may be compared.
Figure 3.12 shows the mesh used in our calculations. We simulate the
innite system by using a large-aspect ratio cylindrical mesh of radius 1
and length 24. Application of periodic boundary conditions allows com-
putation of helical solutions whose wavelengths are an integer fraction
λ = L/n of the length of the mesh. Computations were performed on a
single node (Intel T2300 1.66 Ghz CPU, 3 GB RAM) using a mesh con-
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Figure 3.12 (top)Mesh grid used for FEMcalculations inComSol. Colours denote
element quality.e mesh used contains 7043 nodes and 29605 elements, which
equates to 149876 degrees of freedom (bottom) Boundary values for uH at λ = 12.
In order to ensure periodicity, solutions are calculated at integer divisions of the
longest wavelength λ = 24.
Figure 3.13 Comparison of FEM simulation results with expansion solution at
λ = 12. (a)e downstream component uH , solved for ε = pi/32. (b)e stream
function components for the same solution. (c) Comparison of the downstream
modes for n = 1, 3, 5, 7 (dotted) with their analytical equivalents (solid lines). (d)
Comparison of the (normalized) rst modes u1r and u1ϕ . (inset) Amplitude of the
stream function component of the rst mode as a function of wavelength (dots)
along with the amplitudes obtained from mode-expansion solutions (solid).
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taining 7043 nodes and 29605 elements, equivalent to 149876 degrees of
freedom in the solved system of equations.
Simulation results are shown in gure 3.13. Both the downstream and
stream function components show a highly similar qualitative form to the
solutions obtained by mode expansion. A more detailed comparison is
shown in the lower panels. In the lower le panel, we show the normalised
radial modes as obtained by application of a boundary condition of the
form uH(1, φ) = sin(nφ) at λ = 12. Plotted are slices of the solution at
φ = pi/2 (dotted) and along with their equivalent solved modes, showing
that the two solutions are indistinguishable to simulation precision.e
lower right panel shows a comparison of the rst modes for ur (blue) and
uφ (orange) at the same wavelength, showing a good correspondence de-
spite the small magnitude of the terms. In the inset we show the amplitude
αψ as obtained from the FEM simulations at dierent wavelengths (dots)
alongwith themode expansion dependence, showing an near-exactmatch
between the amplitudes.
Summary
So what we’ve seen in these sections is that the helical form of the ow
eld in characean internodes is associated with a small transverse circu-
lation that could aid mixing of the vacuolar contents.is circulation is
absent in a cell with straight bands, and its magnitude depends strongly
on the helical pitch.While the typical amplitudes of non-helically oriented
components are two orders of magnitude smaller than the velocity in the
bands, the extraordinarily long time scales for diusion in the system im-
ply that this weak transverse circulationmay serve to aid radial redistribu-
tion of nutrients, particularly during the phases of growth when the pitch
is strongest.e way in which this advectionmay aect diusive transport
will be discussed further in the next chapter.
4 implications for diffusive transport
In this chapter we aim to quantify in what ways the ow eld in chara-
cean internodes can aid transport of nutrients and metabolites. Speci-
cally, we would like to understand why the owing bands in Chara are
helically shaped. As we argued in chapters 1 and 2, streaming could bene-
t characean cells in a number of ways. One reason for streaming to exist
is to facilitate transport between cells, another oen expressed notion is
that streaming benets homoeostasis by enhancing mixing inside the cell.
In the previous chapter we have seen that the helical nature of internodal
ow implies the existence of a small transverse circulation whose magni-
tude is expected to be about 0.5% of the streaming velocity at the peak
of cell development. In this chapter we will analyse how this circulation
aects mixing and downstream transport in the vacuole.
We will begin by examining how the transverse circulation found in
the last chapter could aect transport into and out of the vacuole. To do so
we look at the transient re-equilibration of the vacuolar concentration aer
a jump at the boundary.We nd that the presence of the transverse circula-
tion leads to an asymmetrical concentration prole during re-equilibration.
At the neutral line where ow is directed outward, vacuolar uid is pushed
into thewall, creating a boundary layer whose thickness decreases with the
Pe´clet number. At the other neutral line, the saturated boundary layer is
advected inward from the wall, forming a tongue shaped front. Together
these eects help maintain higher concentration gradients near the cell
periphery, thereby enhancing the ux across the boundary.
In the second part of this chapter, we explore the eect of the circu-
lation on transport up and down the cell. Here, we approximate ow as
purely advective, and look at the dispersion of a collection of trajectories
over time. It is found the circulation homogenises the rate of transport
along the z-axis by moving stationary particles in the centre of the cell
towards faster moving regions in the periphery, leading to a smaller vari-
ability in the time-averaged rate of transport.
While both these eects suggest the cell may indeed be able to derive
benet from having a helically directed ow, a big question that remains
dicult to answer is whether the strength of transverse circulation ob-
served in vivo is strong enough to be signicant. We therefore close the
chapter with a re-examination of the growth data by Green (1954) to bet-
ter assess the magnitude of the eects that could be observed in vivo.
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4.1 Radial Mixing in the Vacuole
Characean internodes undergo an extraordinary expansion of cellular
volume during development, growing from tens of micrometers to several
centimetres in the space of a few days. As discussed in the previous chap-
ter, radial diusion could be a rate-limiting process during this phase of
rapid growth. So one purpose of the transverse circulation in rotational
streaming may be to enhance the ow of metabolites from the vacuolar
bulk to the cytoplasm during development.
As discussed in the previous chapter, the strength of the transverse
component of ow is parametrised by a dimensionless amplitude αψ that
attains a maximum of 0.074 at λ = 2.8.e range of wavelenghts found
in vivo is something like 10 − 80.e work by Green (1954) indicates that
the helical twist in the cells typically increases initially, peaking at a wave-
length λ ≃ 9 in the middle of cell development when exponential growth
is largest. At this wavelength, the amplitude αψ is about 0.008. If we dene
the Pe´clet number of the transverse circulation as Pe∗ = αψPe, we see that
at in this phase of development Pe∗ will be order one at moderate Pe´clet
numbers just over 100. At this early stage of development, the cell radius
tends to be smaller than that of a mature cell. But even in a cell with a
relatively small radius of 200 µm typical time scales TD = R2/D for diu-
sion are macroscopic, ranging from about a minute for a small molecule
like an amino acid (D = 700 µm2/s, Polson (1937)), to roughly an hour for a
protein with a diusion constant of 10 µm2/s. Given these long time scales,
even amoderate enhancement of vacuolarmixing could be signicant. As-
suming a streaming rate of V = 60 µm/s, the Pe´clet number Pe = VR/D
associated with these diusion constants lies in the range 17 − 1000, indi-
cating the transverse Pe´clet number Pe∗ would lie somewhere in the range
0.10− 10. Any enhancement of mixing and transport could therefore be an
order one eect.
To obtain a measure of the inuence of circulation on transport from
vacuole to cytoplasm, we will attempt to construct a basic model that con-
tains all the physics of the problem. We will assume that the vacuole con-
tains a solute of concentration ρ0, that is well-mixed at t = 0. We will then
calculate the response to a jump in concentration at the boundary. In a
sense this problem is the simplest parameter-free method of quantifying
the inuence of streaming on diusive transport in the cell.
e evolution of a solute in the presence of a ow eld is described by
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the advection-diusion equation (3.12)
∂tρ + Pe(u ⋅ ∇)ρ = ∇2ρ, Pe = VR/D.
e choice of boundary conditions in this problem has the advantage that
there is no depenedence on the φ or H coordinates in the initial condi-
tion. Since the ow eld is symmetrical along H the advection-diusion
problem will retain this symmetry, simplifying the equations that need to
be solved to a two-dimensional form in r and φ.is equation is also en-
tirely linear, so we can rescale ρ by an arbitrary factor. Since any constant
concentration ρ0 is also a solution, we can subtract out the initial concen-
tration and rescale the concentration jump to 1 without loss of generality.
It therefore suces to look at the normalised problem, where the ini-
tial concentration ρ = 0 throughout the vacuole at t = 0 and ρ(t, 1, φ) = 1
at the boundary. Given this denition, our problem now describes ux
into the vacuole aer an increase in concentration at the boundary. In a
mathematical sense this problem is of course identical to a ux out of the
vacuole aer a decrease in concentration at the periphery, since this rever-
sal of the direction of ux is equivalent to a multiplication of the equations
by a factor −1.
4.1.1 Numerical Integration of the Advection Diusion Equation
e equation above is well known and a numerical solutionmay be ob-
tained in a variety of ways. Since the solution of the ow eld is calculated
in terms of a Fourier decomposition, we will do the same for the density
eld, calculating a set of radial density modes of the form
ρ(t, r, φ) =∑
n
ρn(t, r) cos(nφ) . (4.1)
As with the ow eld, it proves most convenient to solve this equation in
cylindrical coordinates.e advection diusion equation for this partic-
ular ow problem preserves the symmetry of the initial condition in the
sense that an initial condition which is even in φ will produce a solution
that is even in φ for all t. Since our ρ = 0 initial condition is indeed even,
the problem is fully described by a cos(nφ) series and no sin(nφ)modes
need to be considered.
e equations for the radialmodes ρn(t, r) are a set of PDE’s in t and r.
We discretise these equations by using a standard nite dierence scheme
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with four-point approximations for the derivatives in r.is produces a
set of ODE’s in t that we integrate using the Fortran-based LSODE solver
(Hindmarsh, 1983).
e results presented below are based on two sets solutions. For the
rst set, we calculated the transients for a range of wavelengths
λ = 3.0, 5.7, 12.0, 25.0, 47.0 ,
and a range of Pe´clet numbers
Pe = 0, 1, 10, 20, 50, 100, 200, 500,
1 000, 2 000, 5 000, 10 000, 20 000, 50 000 .
A set of 24 modes was calculated and 100 radial grid points were used for
each mode. e ow eld was solved using the tanh smoothed bound-
ary condition described in the previous chapter (eq. 3.23), with cross-over
width ε = pi/32.
Since the shape of the ow eld presented in chapter 3 shows only a
weak dependence on the helical wavelength, we expect the response in the
concentration eld to be largely determined by the strength of the trans-
verse component, which is parametrised by Pe∗ = αψPe. We therefore cal-
culate a second set of high resolution solutions at λ = 3.0, which loosely
corresponds to the wavelength that maximises the strength of the trans-
verse component. Here 32 modes were integrated using 200 radial grid
points for each mode. All other parameters were the same as for the rst
set. We will use these solutions for most of our analysis, with the rst set
serving as a check that thewavelength dependence can eectively be scaled
out using aψ .
4.1.2 Response Time and Boundary Layer Scaling
Figures 4.1 and 4.2 show plots of the concentration during re-equili-
bration for Pe = 50 - 2 000, at a characteristic response time t = τ that will
be dened below.e wavelength in these calculations is λ = 3.0, corre-
sponding to a circulation amplitude of about 0.073, so the transverse Pe´clet
number in these plots is Pe∗ = 3.7 − 150.
We see that the transverse asymmetry of the ow eld is reected in an
increasingly well-dened asymmetry in the concentration prole. In the
absence of ow (i.e. Pe = 0), uptake is diusion-limited and a symmetric
saturation layer develops at the boundary of the vacuole.e eect of the
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Figure 4.1 Snapshots of the concentration eld during transient response to a
jump at the boundary for Pe = 50 − 2 000 and λ = 3.e plotted times t = τ
correspond to the maximum of the concentration transient ∂tρ at the centre of
the cell. In the absence of advection the prole is symmetric. As Pe increases,
a boundary layer develops at the centrifugal zone φ+, where the outward ow
maintains a region of high ux. At the centripetal zone φ− a tongue-shaped front
develops as pile-up is advected inward.
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Figure 4.2 Dependence of re-equilibration transients on the Pe´clet number. (a)
Concentration at ρ = 0. (b) A characteristic response time τ can be determined
from the point in time where ∂tρ peaks. (c) A set of concentration proles
along y = 0 for times t= 0.1τ-10τ. (d) Renormalisation of the concentration us-
ing the concentration base level ρ0 = minx(ρ) reveals convergence to a time-
independent prole. e area under the curve le of the minimum is used to
dene a boundary layer size δ. (e) e time-evolution of δ shows a clear Pe´clet
dependence, implying an enhanced ux at the boundary due to an increase of the
typical gradient. (f) Enhancement of boundary layer gradient and response time.
1/τ and 1/δ are normalised by their Pe = 0 values τ0 and δ0.e boundary layer
size shows a Pe−1/3 scaling, whereas the response time scales as Pe−2/3. Curves
for varying λ collapse when plotted as a function of Pe∗ = αψPe, indicating the
magnitude of the transverse circulation parametrises the problem.
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circulation is to redistribute low concentrationmaterial from the centre of
the cell towards the periphery, and pull material from the saturated layer
towards the centre of the cell.
One fundamental implication of this result is that the two neutral lines
are no longer metabolically equivalent for a nite helical pitch. At the le-
most neutral line, where ow is directed outward from the centre, this
leads to the formation of a boundary layer that decreases in thickness as the
Pe´clet number becomes larger. On the other side, a tongue shaped front is
formed as material is advected inward.e combined result of these two
eects is that a sharper concentration gradient at the boundary is main-
tained during uptake, thereby increasing the ux into the vacuole. To dis-
tinguish between the two neutral lines, we will from here onward use the
term centrifugal zone (φ+) to denote the region around the neutral line
where ow is directed outward, and the term centripetal zone (φ−) to de-
note the inward owing zone.
In order to obtain a measure of the response time, we plot the time-
dependence of the concentration at r = 0 and λ = 3.0 for increasing Pe´clet
numbers.e resulting gure (4.2a) shows a very clear increase in the rate
of change of the concentration as the Pe´clet number increases. A plot of
the time derivative ∂tρ(t, r, φ) at r = 0 (g 4.2b) reveals that the ux into
the centre has a well-dened peak, whose position shis towards lower t
showing a variation of two orders of magnitude as Pe is increases from 0
to 50 000.e position of this peak can be used to dene a typical time τ
that species the delay between the jump in concentration at the boundary
and the response at the centre of the cell. It is these times that were chosen
for the snapshots in gure 4.1.
Figure 4.2c shows the concentration along the y = 0 centre-line of
the cell at a range of times at Pe = 1000. We see that the propagation
of the tongue results in an increasingly asymmetric concentration pro-
le. At t ≃ τ the tongue reaches the other side of the cell and the pro-
le appears to retain a self-similar shape as the minimum concentration
increases. Figure 4.2d shows the same proles, this time renormalised by
taking (ρ−minx ρ)/(1−minx ρ). We see that the normalised prole con-
verges towards a well-dened asymptotic shape, which denes a typical
length scale for the boundary layer size δ. We will dene the size of this
boundary layer as the surface area under the prole at the centrifugal side
of the minimum:
δ = ∫ xmin−1 ρ −minx ρ1 −minx ρ dx
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is length is roughly equivalent to the distance from the wall for which
ρ1x = 0.5.e above denition has the advantage that it is more compu-
tationally robust at high Pe, since it does not require interpolation of the
curve near the wall.
In gure 4.2e we show the evolution of the boundary layer size with
time.e initial growth of the boundary layer appears more or less inde-
pendent of the Pe´clet number, indicating that uxes are purely diusive,
while the asymptotic values decrease by roughly an order of magnitude as
Pe increases from 0 to 50 000.
e dependence of δ and τ on Pe∗ is shown in gure 4.2f. We observe
a very clear scaling of both quantities with the Pe´clet number.e bound-
ary layer size appears to show a Pe−1/3 dependence, whereas the response
time scales as Pe−2/3.is scaling collapses across the range of wavelengths
λ = 3.0, 5.7, 12.0, 25.0, 47.0, showing that Pe∗ indeed parametrises the
problem.
e decrease of the boundary layer size with the Pe´clet number can be
understood through a standard dominant balance argument. In the vicin-
ity of the indierent zone, we can dene a local set of Cartesian coordinates(x1, x2, x3) that are the local linearised approximations of (1−r, φ−φ±,H).
us, x1 denotes the distance from the wall, x2 the distance from the indif-
ferent zone parallel to the wall, and x3 the coordinate along the direction
of ow. Since the problem is symmetrical along H, it will also be symmet-
rical along x3 and the boundary, and only the (x1, x2)-dependence of the
problem needs to be considered.
We can derive the lowest order expressions for the (u1, u2) compo-
nents of ow from the symmetry of the stagnation point. At the x2 = 0
centre-line, the u2 component of owmust vanish.Moreover, u2must also
be zero at the wall (x1 = 0).us, to lowest order the component of ow
parallel to the wall must scale as u2 ∼ x1x2, since the ow is directed away
from the centre line at the centrifugal zone. From the continuity condition
∂1u1 + ∂2u2, we then obtain
u1 ≃ − 12x21 , u2 ≃ x1x2 . (4.2)
If a boundary layer is to have a stable size, then locally
∂tρ = −u ⋅ ∇ρ + 1Pe∗∇2ρ = 0 . (4.3)
Using the lowest order approximation for the ow eld above, this condi-
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tion expands to
− 12x21∇1ρ + x1x2∇2ρ = 1Pe∗ (∇21 +∇22)ρ . (4.4)
Now note that ∇˜2ρ = 0 since the concentration is symmetric around the
indierent zone. Moreover ∇˜22ρ ≪ ∇˜12ρ since the concentration is not nar-
rowly peaked around the indierent zone. We can therefore neglect the
derivatives along the x2 axis, reducing equation 4.4 to
− 12x21∇1ρ = 1Pe∗∇21 ρ . (4.5)
If we now rescale x1 coordinate by the boundary layer length δ, the above
form becomes
− 1
2
δx˜21 ∇˜1ρ = 1Pe∗δ2 ∇˜21 ρ . (4.6)
In this rescaled form, both the coordinates and derivatives are order one,
so if the advective term is to balance out the diusive term, the scaling for
the boundary layer should satisfy the condition
δ3 ∼ 1
Pe∗ → δ ∼ Pe∗−1/3 (4.7)
e Pe∗−1/3 scaling observed in our solved proles is therefore precisely
the scaling expected for a boundary layer near a stagnation point of this
topology.
e scaling of the response time can be understood by way of a si-
milar argument. At the centripetal indierent zone a boundary layer of
increasing width is formed as the propagating front develops. On small
time scales, the centripetal ux will be diusion limited, since the advec-
tive eld vanishes near the wall. At large time scales advection will dom-
inate since Pe∗ > 1.e cross-over between these two regimes is at the
point where the advective ux becomes equal to the diusive ux, which
is precisely when the centripetal front reaches the typical boundary layer
size δ.
We can calculate this time scale by way of the following argument. As
the boundary layer develops, the rate-of-change of ρ must be balanced by
the total ux into the cell. Since the ux at the wall is given by ∂rρ, this
yields the integral relation
d
dt ∫ ρ dr dθ = ∫ ∂ρ∂r dθ . (4.8)
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At small times, ρ = 0 everywhere, except near in a thin boundary layer
near the periphery, whilst the gradient near the wall should scale as 1/δ.
e above terms can therefore be approximated by
∫ ρ dr dθ ∼ 2piδ , ∫ ∂ρ∂r dθ ∼ 2pi/δ . (4.9)
e evolution of the mean boundary layer size will therefore satifsy
dδ
dt
= 1
δ
→ δ ∼ √t (4.10)
as should be the case since the ux is diusive on small time scales.us
quite simply, the time required for formation of a typical boundary layer
δ ∼ Pe∗−1/3 scales as Pe∗−2/3. In the asymptotic regime Pe∗ ≫ 1 the time
for boundary layer formation dominates over the time for advection into
the centre, the response time τ is thus dominated by this scaling.
4.1.3 Eigenmode Bifurcation
While our time-scale τ provides and indication of when the response
to a change in concentration becomes visible at the centre, it is not really
a measure of the typical time for re-equilibration. If the peaks in ux in
gure 4.2b were fully symmetrical in time, this point would correspond
to the time at which ρ = 0.5 at r = 0. However, while the position of the
maximum shis inwardwith a Pe−2/3 scaling (4.2f), the decay of the curves
in gure 4.5 shows a long tail in the ux aer the peak. So whilst this point
can be taken as a denition of the time at which the front propagating from
the right indierent zone reaches the centre, the value for ρ at t = τ and
r = 0 in fact decreases with the Pe´clet number. Moreover since the width
of the boundary layer decreases as well, mean concentration in the vacuole
also decreases with Pe.
A better interpretation of τ is that it is an indication of the time at
which deviations from diusive behaviour set in. Figure 4.3a shows the
standard deviation σ(ρ) of the concentration eld as a function of time,
which is a measure of the degree of homogeneity. Since the system is ho-
mogeneous at t = 0 there is an initial diusive growth, aer which the
standard deviation peaks and decays.e response time values is marked
with circles on each plot. We see that τ roughly indicates the point in time
where the curve starts to deviate from diusive behaviour, which is to be
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Figure 4.3Decay of the slowest eigenmode ρ1. (a)e spatially averaged standard
deviation σ(ρ) initially grows as the boundary layer develops and then decays as
the system re-equilibrates.e response time τ roughly marks the point where
deviations from the diusive curve become signicant. (b)e exponential tail
of the σ(ρ) decay is the signature of a slowest decaying mode ρ1 exp(µ1 t). (c)
e rate of decay −µ1 increases with the Pe´clet number, reecting the enhanced
ux due to sharper concentration gradients. (d)e asymmetry in the ρ1 mode
can be quantied by the relative magnitude of the odd terms in the expansion for
the concentration eld ρn cos(nφ).e slowest decaying eigenmode undergoes a
form of bifurcation around Pe∗ = 10, approaching the symmetric diusive prole
at low Pe∗ and a stream-function dominated prole at high Pe∗.
expected since this τ is roughly the time scale on which advective eects
become stronger than diusive eects.
In order to obtain a measure of the time for re-equilibration, we look
at the decay of σ(ρ) towards zero. In gure 4.3b the data is replotted on
a logarithmic y-axis to show the tails of the curves.e linear tails reveal
an exponential dependence on time.e decay rate appears more or less
constant at low Pe∗, increases strongly at intermediate values and shows a
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Figure 4.4 Slowest decaying eigenmodes ρ1 for Pe∗ = 3.7 − 150. As Pe∗ increases
the minimum in the concentration prole shis towards the centrifugal zone at
φ+. Around Pe∗ = 15 a formof bifurcation in the prole shape is visible.e single
minimum near φ+ splits into two minima at the centre of each circulation loop.
We thus observe the strongest dependence on the Pe´clet number over the range
Pe∗ = 1 − 100, with the ρ1 mode converging to low Pe∗ and high Pe∗ asymptotic
shapes further outward.
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weak dependence at high Pe∗ values. Looking at gure 4.3a we see a sim-
ilar trend.e curves at low Pe∗ essentially fall on top of each other, aer
which a shi occurs, whilst the curves for Pe∗ > 100 appear to converge
again. For the four highest Pe∗ values in particular we see that whilst the
standard deviation starts to dier from the purely diusive behaviour at
t = τ, the decay subsequently settles into a curve that shows a very weak
Pe∗ dependence.
Based on these results, we can say that there are two regimes of de-
cay reecting a cross-over between diusion and advection dominated dy-
namics.is cross-over is further elucidated when we look at the shape of
the slowest decaying eigenmodes.e exponential decay of the standard de-
viation is the signature of a so-called eigenmode solution of the dierential
equation. An eigenmode ρi(r, φ) is dened by the property
(−Pe u ⋅ ∇ + ∇2)ρi = µi ρi . (4.11)
For each eigenmode ρi there is therefore a corresponding solution of the
advection-diusion equation that takes the form
∂t(ρieµ i t) = µi ρi eµ i t= (−Pe u ⋅ ∇ + +∇2) ρi eµ i t= µi ρi eµ i t . (4.12)
In other words, if a prole ρi is an eigenmode of the advection-diusion
equation, its shape will remain constant in time and its time evolution will
take the form of an exponentially decreasing amplitude.e rate of decay
is determined by the so-called eigenvalue µi . If a solution has a number of
eigenmode components
ρ =∑
i
Aiρieµ i t , (4.13)
then these eigenmodes will decay at dierent rates µi . Aer some time, the
decaywill then be determined by the slowest decaying eigenmode, since all
other amplitudes will have become negligible. In the case of the advection-
diusion equation, the asymptotic state ρ0 = 1 is in fact an eigenmode,
which is a bit special in the sense that its eigenvalue µ0 = 0. At long times
the concentration is then approximated by
ρ ≃ 1 + A1ρ1eµ1 t + h.o.t. . (4.14)
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e time evolution of σ(ρ) should therefore be given by:
σ(ρ) ≃ A1σ(ρ1)eµ1 t . (4.15)
We can therefore determine µ1 by tting an exponential to the tail of the
σ(ρ) curves, aer which ρ1 can be approximated by
ρ1 ≃ (ρ − 1)e−µ1 t , (4.16)
which we average over the tail of the curve.
Figure 4.4 shows eigenmodes obtained with this method for Pe = 50−
2000, corresponding to Pe∗ = 3.7 − 150.e corresponding eigenvalues
are shown in gure 4.3c. At rst glance, the eigenmode proles are quali-
tatively similar to the transient proles in gure 4.1. At low Pe∗ the mode
ρ1 shows a single minimum that shis towards the centrifugal zone as the
strength of the transverse ow increases. However, a key dierence be-
comes visible around Pe∗ = 37, where an increasingly pronounced tongue
develops that ultimately leads to a form of bifurcation, where the single
minimum on the centrifugal side splits into two minima located at the
centres of the two circulation loops.
e slowest decayingmode thus shows a transition between two asymp-
totic shapes. At lowPe∗ the prole approaches its symmetric diusive form.
At high Pe∗ the asymptotic shape of ρ1 thus converges a concentration pro-
le that resembles the shape of the stream-function ψ. Since both asymp-
totic forms depend only weakly on the Pe´clet number, this explains the
apparent transition in the decay rate visible in gures 4.3(a-b).
It therefore appears that there is something like a ‘sweet spot’ in the
range of Pe´clet numbers, where the dependence on the ow strength is
strongest. We can visualise the bifurcation in ρ1 by looking at the degree
of asymmetry in the prole. To do so we decompose ρ into its even and
odd constituent terms:
ρ = ρeven + ρodd ,= ∑
n even
ρn cos(nφ) + ∑
n odd
ρn cos(nφ) . (4.17)
For the terms that are odd in n, ρ(r, φ+) = −ρ(r, φ−), whereas for even
terms ρ(r, φ+) = ρ(r, φ−).e magnitude of the odd modes thus deter-
mines the degree of asymmetry of the concentration prole around the
x = 0 line. We can quantify the degree of symmetry by separating the
amplitudes σ(ρeven1 ) and σ(ρodd1 ) of the slowest decaying mode. A plot
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of the asymmetry (g 4.3) reveals a well-dened peak over the range of
Pe´clet numbers where the bifurcation takes place with amaximum around
Pe∗ = 10.
What these results show is that the helicity of the ow can in fact en-
hance diusive ux into and out of the vacuole.e extent of this enhance-
ment is determined by the eigenvalue µ1 of the slowest decaying mode,
since it the determines the rate of change of the concentration. Moreover,
it appears that there is something like an optimumPe´clet number in terms
of the benet that can be derived in terms of enhancing the ux.
e exact physiological implications of this eect remain dicult to
pinpoint.e dependence of µ1 on the Pe´clet number is moderate, im-
plying a ux increase of roughly 25% at Pe∗ = 10. At λ = 12, a typical
wavelength value at the peak of cell development, this would correspond
to a Pe value of about 1200, which wouldmean this eect could be relevant
for larger proteins with a diusion constant around 20 µm2/s. Whilst the
vacuole is known to contain a variety of salts, photoassimilates and other
small molecules, it is not known whether protein-sized objects are con-
tained in the vacuole, and whether their diusion rates are physiologically
pertinent. For small molecules, which have a diusion constant around
1000 µm2/s, the the transverse Pe´clet number should be expected to be of
order Pe∗ ≃ 0.2, which is too small to be signicant.
So while we have clearly established that the helical ow in the vac-
uole provides a mechanism by which diusive exchange may be sped up,
it remains to be seen whether these eects are strong enough to provide a
signicant benet to the organism. Of course, in this particular problem
we have chosen the symmetry in such a way that the downstream compo-
nent of ow does not factor in to the problem. In the next section we will
assess how streaming aects transport along the length of the cell.
4.2 Homogenisation of Downstream Transport
In the previous sectionswe have looked at the role of the transverse cir-
culation in enhancing uxes into and out of the vacuole. In order to quan-
tify the role of vorticity in downstream transport, a dierent kind ofmetric
is required. A well known phenomenon relating to diusive dispersion in
a shear ow is Taylor diusion (Taylor, 1953), classically discussed in the
context of a the parabolic shear prole that is found for a pressure driven
ow in a pipe. If a shear ow is seeded with a sheet of solute at z = 0, this
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Figure 4.5 Poincare´ mapping of downstream advection. (a) Stream function ψ at
λ = 3 with corresponding circulation components of ow. (b) Poincare´ plot of a
set of trajectories.e line indicates the (r, φ) coordinates of a uid element as it
is advected, with colours indicating displacement along the z-axis, and markers
indicating a z-displacement of λ/4. At λ = 3, trajectory lengths at the positions
shown vary between 3-8 helical wavelengths.
Figure 4.6Homogenization of downstream transport. (a) Relative standard devi-
ation of z-displacements tends to zero in a time∝ 1/α due to logarithmic growth
of the absolute standard deviation (inset). Curves of dierent colours show a col-
lapse of datasets with λ = 3.0, 5.7, 12, 25, 47. (b)e length ξ over which the z-
displacements homogenize scales as µz i/α, showing a λ3 dependence as the cir-
culation decreases to zero.
sheet will undergo a parabolic deformation due to the shear ow.is will
induce a radial concentration gradient, causing outward diusion at the
tip of the parabolic prole and inward diusion at the tail. On time scales
long enough for the solute to redistribute radially by diusion (i.e. t ≫ Pe)
this will result in a self-similar concentration prole moving at the mean
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velocity and spreading longitudinally with an eective diusivity ∼ Pe2.
is phenomenon persists in the presence of transverse circulation, which
results in a lowered eective diusivity (Erdogan and Chatwin, 1967) and
shorter time scale for convergence to the Taylor dispersion limit, as in the
case of the staggered herringbone micromixer (Stroock et al., 2002).
e Taylor diusion approximation will not necessarily hold for the
comparatively short characean internodal cells, whose aspect ratio (∼ 102)
implies that the longitudinal advection time L/V is comparable to the ra-
dial diusion time R2/D:
TD
TA
= R2
D
V
L
= PeR
L
∼ 1 . (4.18)
However, even on these intermediate time scales, z-displacements are
homogenized to some extent as uid parcels are advected along vortex
loops in the rφ-plane. Figure 4.5 shows the stream-function at λ = 3 along
with a Poincare´ plot of the rφ-coordinates of integrated trajectories.e
colours denote the total distance travelled along the z-axis, with the mark-
ers indicating intervals of λ/4. On any given stream-line, uid parcels ad-
vected by the ow travel roughly the same distance along the z axis as
long as we wait long enough for the particles to traverse on full loop in the
rφ-plane. On average, these uid trajectories will then have moved along
the z-axis at roughly the velocity at the centre of the circulation loop.e
length of the plotted trajectories varies between 3-8 helical wavelengths. So
if we seed the z = 0 plane with a sheet of points and compute their advec-
tive trajectories, we should expect the dispersion of the z-displacements
to level o over several helical wavelengths, thus ‘homogenising’ the rate
of transport along the z-axis.
To quantify this homogenisation we numerically compute the time-
dependent variation in z-displacements for a set of points homogeneously
distributed the z = 0 plane. Figure 4.6a shows the standard deviation σ(zi)
of trajectory z-coordinates, normalised by their mean zi . As expected this
relative variation decreases with a typical time that is wavelength depen-
dent. However the curse for λ = 3.0, 5.7, 12, 25, 47 collapse when the time
is rescaled by ∼ 1/αψ indicating that the determining parameter is once
again the strength of the transverse ow.e absolute magnitude of σ(zi)
(Fig. 4.6a, inset) shows a logarithmic dependence that levels o as the grid
resolution of the trajectories becomes insucient to continuously repre-
sent the diverging circulation time at the wall.
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With these results it becomes possible to calculate a typical loop time
τψ over which σ(zi)/ zi falls o to half its initial value, as well as a cor-
responding length of transport is ξ = τψ zi over which z-displacements
homogenize.e dependence of ξ on λ (g 4.6b) is dominated by a 1/αψ
dependence, leading to a very strong λ3 scaling as the amplitude of the
stream function approaches zero.
4.3 Helicity in Relation to Cell Development
Summarising the work above, we see that we have identied two ways
the helicity of streaming could aect transport and mixing in the vacuole.
One is that transverse circulation aects the rate of diusive ux into and
out of the vacuole by changing the typical size of the boundary layer at
the periphery.e second is that the circulation helps homogenise down-
stream transport rate by advecting slowly moving material in the centre
towards faster moving regions near the wall.
Since in both cases this eect depends on the magnitude of the trans-
verse circulation αψ , it is worthwhile to examine what data exists regard-
ing the helical pitch during development. We have in fact found one study
that presentsmeasurements of the helicity of characean internodes. In a set
of experiments published in 1954, Paul Green measured the spiral wave-
length of a Nitella cell over a week of growth (Green, 1954).e results
from his experiments are reproduced in gure 4.7. A noticeable minimum
in the wavelength occurs during the early days of growth (g 4.7b –middle
panel), as has beenmetioned anecdotally elsewhere (Green andChapman,
1955). Given our analysis, we now realise that a decrease in wavelength
means an increase in the vacuolar circulation as parametrised by the am-
plitude αψ of the stream-function.
e bottom panel shows the dimensionless growth rate of the surface
area (∂S/∂t)/S, calculated froma spline interpolation of the datapoints for
L and R.e resulting curve bears out the notion that the peak in growth
rate coincides with the minimum in helical wavelength λ. At the height of
development αψ = 0.014, indicating that Pe∗ > 1 for D < 100 µm2/s, show-
ing that the eects described in this chapter could just about be relevant for
some more slowly diusing molecules and proteins. While the observed
eects are on the lower bound of what could still be signicant, Green’s
data does seem to suggest that a cell may derive benet by increasing its
helical pitch during growth to enhance intracellular transport rates.
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Figure 4.7 Comparison with experiments from Green (1954). (top panel) Cell
length L and radius R and (middle panel) helical wavelength λ as measured by
Green. (bottom panel) Corresponding amplitude of transverse ow αψ , as com-
pared with cell dimensionless growth-rate calculated from spline interpolation of
the measured dimensions.
Summary
In this chapter we have sought to quantify how the transverse circula-
tion in characean internodes might aid transport and mixing in the vac-
uole.Wehave found twomechanisms bywhich the transportmight benet
from this circulation.
e rst is revealed when looking at the response to a change in con-
centration at the periphery.During re-equilibration a boundary layer forms
at the periphery, whose typical length scale δ is determined by the strength
of the outward ow at the centrifugal neutral zone. A scaling law δ ∼
Pe∗−1/3 is observed for the boundary layer size, which can be explained
by a standard dominant balance argument near the indierent zone. Once
the boundary layer has developed, the tail of the re-equilibration process
is dominated by the slowest decaying eigenmode ρ1 of the equations.is
mode shows a minimum that shis towards the centrifugal neutral line
as Pe∗ is increased, which bifurcates into a state with two minima at the
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centres of the circulation loops. Away from this bifurcation point, the ρ1
mode shows a weak dependence on Pe∗ as it converges to its Pe∗ = 0 and
Pe∗ = ∞ asymptotic forms.e range of Pe´clet numbers for which a sig-
nicant dependence is observed is therefore something like Pe∗ = 1 − 100.
Over this range, the typical rate of ux, as determined by the eigenvalue
µ1 of the slowest decaying mode, increases roughly by a factor two.
e second mechanism we have studied is the inuence of transverse
circulation on downstream transport on intermediate time scales, where
diusion may be neglected. Here we observe the slightly counter-intuitive
phenomenon that streaming actually helps homogenise the rate of trans-
port along the z-axis. Since slowly moving material is eventually advected
into fastermoving regions by the transverse circulation, displacementswill
converge to the same average over a time scale that is of the order of the
time required to traverse one loop in the rφ plane. Further analysis shows
that the ξ over which the transport rate homogenises shows a strong λ3
dependence. For short wavelengths λ, this length ξ is order 100R, which
is a fairly typical length for a mature cell.
One big question regarding both these analyses is whether the trans-
verse ows observed in vivo are in fact strong enough to be physiologically
relevant. One problem in assessing this question is that the choice of Pe´clet
number depends on the metabolite studied. A replotting of the measure-
ments by (Green, 1954) shows that cell wavelength can vary from 9 − 70
over the course of cell development. At its peak, the strength of transverse
ow is about 1.4% of the velocity at the wall, suggesting that circulation
could become relevant for solutes with a diusion constantD < 100 µm2/s,
which suggests that the helicity of the owmay aid transport processes for
protein sized objects in the vacuole.
5 measurements of vacuolar flow
In this chapter we present measurements of the internodal ow in Chara
Corallina making use of two dierent techniques. Our rst set of exper-
iments utilises a method based on Nuclear Magnetic Resonance (NMR),
known as Magnetic Resonance Velocimetry.e second makes use of the
injection of uorescentmicrospheres combined with particle tracking and
image velocimetry.e NMR experiments produce highly accurate mea-
surements of the vacuolar ow prole that show excellent agreement with
hydrodynamic predictions.e injection based methods are shown to be
less eective for the measurement of full cross-sectional proles, but may
be used to obtain localised measurements with high spatial resolution.
e perhaps best known experiments on ow in Chara cells are those
of Kamiya and Kuroda (1956), who measured the velocity along 1-dimen-
sional cross-sections in rhizoids, leaf cells and protoplasm-lled intern-
odes.eir technique determined velocities by tracking the time needed
for native particles to traverse a xed distance. Pickard (1972) used a simi-
lar method, tracking particles with a range of radial and angular positions,
showing that velocities were consistent to experimental precision with his
approximated solution for a cell with straight indierent zones.e most
accurate measurements of internodal ows to date are those obtained in
the laser Doppler scattering experiments by Mustacich and Ware (1977).
While these measurements are compatible with the simplest hydro-
dynamic descriptions, no full 2-dimensional measurements of the cross-
sectional ow proles have been presented to date. NMRbased techniques
are able to improve on existing results allowing a degree of comparison
with experiments not previously possible, while tracking based have po-
tential for more accurate localised measurements.
is chapter will begin with a discussion of the Magnetic Resonance
Velocimetry and the internodal ow proles obtained with this technique.
We will then continue with an explanation of the injection protocol and
compare the results of particle tracking and image velocimetry analysis
to the NMR based results. Finally we discuss the utility of the injection
method for microrheology and transport experiments.
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5.1 Flow Measurements Using Magnetic Resonance Velocimetry
In recent years, measurement techniques based on Nuclear Magnetic
Resonance (NMR) have increasingly found use in non-medical applica-
tions.e advent of Magnetic Resonance Velocimetry (MRV) has made
it possible to perform non-invasive ow measurements on microscopic
scales (Elkins andAlley, 2007).e capabilities ofMRVhave already found
application in a range of settings which aid the development and valida-
tion of numerical codes or theoretical models; for example, the visualisa-
tion of microuidic ows (Akpa et al., 2007), the imaging of structure and
convection in solidifying mushy layers (Aussillous et al., 2006), bifurca-
tion phenomena in the ow through a sudden expansion in a circular pipe
(Mullin et al., 2009), and velocity distributions within a three-dimensional
vibro-uidised bed (Huntley et al., 2007). With sucient time-averaging,
spatial resolutions of 10-100 µm can be achieved, allowing imaging of bio-
logical systems on scales just slightly larger than those of typical single cells
(Choma et al., 2006). While this technique has successfully been applied
at tissue level in a variety of plant systems (Scheenen et al., 2001; Kocken-
berger et al., 2004;Windt et al., 2006), it is in the uniquely sized internodes
of Chara that we can obtain measurements of ows internal to single cells.
We will begin this section with a basic overview of the underlying
physics of NuclearMagnetic Resonance and techniques for measurements
of spin density.Wewill then proceed to show how these techniquesmay be
used to measure the ow eld inside a Characean internode and compare
the measured velocity to our hydrodynamic solution.e experiments in
this section were performed in collaboration with Andy J. Sederman, who
operated the NMR spectrometer and designed the pulse sequences used
in the measurements.
5.1.1 An Introduction to Magnetic Resonance Velocimetry
Magnetic Resonance Velocimetry (MRV) is a technique that adapts
Magnetic Resonance Imaging (MRI) sequences tomeasure uid velocities.
MRImethods in turn rely on the principle of NuclearMagnetic Resonance
(NMR) to probe material properties. In order to explain the techniques
on which our measurements are based, we begin this section with a brief
overview of NMR and the basic techniques employed in MRI and MRV
measurements.
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Principles of Nuclear Magnetic Resonance
Subatomic particles have the property of spin, which is specied by a quan-
tum number l . Any particle with non-zero spin has a dipole moment as-
sociated with it, whose magnitude is governed by a proportionality factor
γ known as the gyromagnetic ratio,
µz = γSz = γħm .
Herem is known as themagnetic quantum number.is number can take
2l + 1 values, corresponding to dipole moments ranging from −γħl to γħl .
In the absence of an external magnetic eld these 2l + 1 states are degen-
erate, i.e. their energies are identical. However, the coupling to a magnetic
eld will induce a small energy dierence between the states.is phe-
nomenon is known as the Zeeman eect.e energy associated with an
external eld B0 (aligned along the z-axis by convention) is given by
Em = −µzB0 = −γħmB0
e simplest case, and the most common in the context of MRI, is that
of spin 1/2 nuclei like Hydrogen, or 31P.ese have two eigenstates, oen
denoted as up (+) and down (-).e corresponding dipole moments of
these states are µz = γħ/2 and µz = −γħ/2, and the energy dierence
between the states is therefore given by:
∆E = (E+ − E−) = −γħB0
e coupling to the magnetic eld ‘aligns’ the spin moments of the nu-
clei in the sense that nuclei will tend to prefer the lower energy upwards
oriented state. More precisely put, the upwards and downwards states cor-
respond to a precession of the spin vector around the z-axis.e rate of
precession, which is the same for all states, is known as the Larmor fre-
quency, and it is proportional to the gyromagnetic ratio of the particle,
ωL = −γB0 .
Nuclei in the lower energy state can be excited to the higher energy state by
absorption of a photonwhose energy is equal to ∆E. For a spin 1/2 particle,
this energy dierence between the states is equal to−ħωL, so the frequency
of this photon needs to be precisely equal to the gyration frequency of the
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nucleus. From a spectroscopy point of view this means a magnetised sam-
ple will show a resonance peak at the Larmor frequency.is phenomenon
is known as Nuclear Magnetic Resonance.
InNMR spectroscopy, the rate of absorption is used to probe the prop-
erties of a sample. Since the splitting energies are quite low, excitation fre-
quencies lie in the radio part of the electromagnetic spectrum. Because a
wide range of materials is transparent to radio waves, NMR spectroscopy
can be used to non-ivasively probe objects opaque to frequencies in the
visible or infra-red parts of the spectrum.e low energies involved also
make the method highly suitable to medical applications.
Since the resonance frequency depends on the strength of the exter-
nal magnetic eld the magnet used is sometimes denoted by the corre-
sponding resonance frequency of a Hydrogen nucleus. For example, in a
high-end 21 T magnet protons resonate at a frequency of 900 MHz.
In practice the eective gyromagnetic ratio of a nucleus depends on
the chemical environment.e electron conguration in the neighbour-
hood of the particle will induce a certain degree of diamagnetic shield-
ing, or sometimes de-shielding, thereby altering the resonance frequency.
is eect is known as the chemical shi. It is typically specied in parts
per million (ppm) with respect to the operating frequency of the magnet.
us, when performing protonNMR spectroscopy an 900MHzmagnet, a
chemical shi of 10 ppmwouldmean a 9 kHz shi in resonance frequency.
Relaxation Processes
In NMR and MRI experiments the sample is excited by an RF-frequency
pulse, aer which material properties are inferred from the decay of the
signal towards the ground state. In most sequences excitation of the sam-
ple is achieved through a so-called 90° pulse, which rotates the meanmag-
netisation into the xy-plane.is rotation results from the application of
a pulsed magnetic eld B1 along one of the axes transverse to the exter-
nal eld B0.e action of the transverse eld on the mean magnetisation
can be understood by way of a semi-classical description. In the labora-
tory frame, the inclusion of a transverse pulse along the x-axis produces a
Hamiltonian of the form (Callaghan, 1993):
Hlab = −γB0Iz − 2γB1 cos(ωt)Ix (5.1)
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is Hamiltonian can be rewritten in the rotating frame of the precessing
nuclei as:
Hrot = −γ(B0 − ω/γ)Iz − γB1Ix (5.2)
When the frequency ω of the transverse pulse matches the Larmor preces-
sion frequency ω0, the eective external eld vanishes, and the remaining
component −γB1Ix eectively rotates the mean magnetisation of the sam-
ple.
ere are two types of relaxation that are generally utilised in NMR
measurements.e rst is the relaxation of the meanmagnetisation along
the axis of the external eld. Aer rotation by a 90° pulse the magnetisa-
tion vector initially lies in the xy-plane and relaxes towards its equilibrium
valueM0 over a typical time scale T1
Mz(t) = M0[1 − exp(−t/T1)] .
e second relaxation process relates to the components of magneti-
sation in the xy-plane. Analogous to the situation in individual nuclei, the
meanmagnetisationwill precess around the external eldwith the Larmor
frequency. Due to local variations in the Larmor frequency this precession
will show dispersion over time, causing a loss of coherence on a time scale
T2, which is generally signicantly shorter than T1. Empirically this decay
is described by the relation
Mx ,y(t) = Mx ,y(0) exp(−t/T2) .
In MRI measurements, the sample is repeatedly exited by a pulse se-
quence with repetition time TR, which is of the same order as T1. Depend-
ing on the pulse-sequence used, a signal can either be T1 weighted or T2
weighted.Onemethod of obtaining aT1 weighted signal is the repeated ap-
plication of a rotating pulse over a repetition time TR < T1.is will cause
a partial saturation of the mean magnetisation dependent on the repeti-
tion time and rotation angle θ. T2 eects will cancel out over successive
measurements.is produces a signal of the form (Callaghan, 1993)
Mz = M0 1 − exp(−T1/TR)1 − cos θ exp(−T1/TR) . (5.3)
Weighting with T2 can be attained by application of a spin-echo se-
quence. e decay of T2 signal is attributable to the fact the nuclei will
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Figure 5.1 Gradient encoding of the position in MRI. (a) By application of a sec-
ondary gradientGz during excitation, resonance within the sample is constrained
to a slice in the xy-plane. (b)A brief application of a gradientGy in between exci-
tation and readout encodes the y-position in a phase shi ky ⋅ y within the sample.
(c) A third gradient Gx during readout ensures that the frequency of the signal
encodes the x-position.
precess at slightly diering Larmor frequencies. A spin-echo sequence ips
the xy-components of the spins at an echo time τ.is will place slowly
precessing spins ahead of the faster ones, leading to a refocusing of the
xy-plane magnetisation as the faster precessing spins catch up at a time
τ aer the 180° pulse.is phenomenon is known as a spin echo.e re-
sulting signal depends on both T2 and the echo time, and its strength is
phenomenologically represented by (Callaghan, 1993)
Mxy(2τ) = M0e−2τ/T2 . (5.4)
Magnetic Resonance Imaging
e phrase Magnetic Resonance Imaging (MRI) is used to denote tech-
niques that utilise a pulse-sequence in which excitation of the sample is
followed by a series of phase shis that allow acquisition of spatially re-
solved image in Fourier space. A variety of techniques exist for obtaining
spatially resolved images, all of which rely on the same basic principles. By
application of a series of linear eld gradients G to the magnetic eld, the
Larmor precession rate becomes dependent on the position in the sample:
ω(r) = γB0 + γG ⋅ r . (5.5)
e brief application of a gradient during the pulse sequence will therefore
produce a phase shi ∆ϕ in the sample.is shi will depend on both the
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Figure 5.2 Sampling of k-space in a spin-echo sequence. (a)e operations in g-
ure 5.1 are equivalent to a shi of the signal in Fourier space. Commonly gradients
are applied along both the x and y directions during phase encoding, positioning
the sample at (−kx , ky).e time-dependence of the signal during readout then
allows sampling a full line of points in kx . (b) Schematic representation of a basic
spin echo sequence for acquisition of the spin density.
position and the gradient strength:
∆ϕ(r) = k ⋅ r k = γ
2pi ∫ G(t′) dt′ . (5.6)
e amplitude of the signal that is subsequently read out will reect a local
spin density ρ(r), averaged over the entire sample.e eect of the gra-
dient eld on this signal is that ρ(r) will be shied by a factor exp(ik ⋅ r).
e volume averaged signal is therefore mathematically equivalent to the
Fourier transform of the spin density ρ(r):
S(k) = ∫ ρ(r)e ik⋅r dr . (5.7)
We can thus obtain an image of ρ in Fourier space, or k-space, by re-
peatedly measuring S(k) for diering values of k.e spin density ρ can
subsequently be reconstructed from S by simple application of an inverse
Fourier transform. Since k depends only on the integral of G over time,
increasing the gradient duration is equivalent to increasing the gradient
strength, and these parameters may be used interchangeably to specify k.
In a typical imaging sequence (gure 5.2b), a gradient is rst used to
select a slice in the sample (g 5.1a).is is done by activating a secondary
gradient during application of the excitation pulse. Since the Larmor fre-
quency now depends on the position, only the plane in the sample whose
Larmor frequency matches that of the excitation pulse will be excited.
5.1 Magnetic Resonance Velocimetry 101
e width and shape of this slice can be inuenced through the band-
width and spectrum of the excitation pulse. A hard pulse is a broad band-
width rectangular pulse that is oen used to maximise the bandwidth,
thereby minimising the time required for the pulse. A pulse of this type
will have a long excitation tail away from the centre of the slice due to ring-
ing eects. A Gaussian or sinc shaped so pulse results in a more selective
excitation, albeit at the expense of a reduced bandwidth.
Once a slice has been selected, the position within the slice is sub-
sequently determined by the use of two additional techniques known as
phase encoding and frequency encoding. Following the 90° pulse, the mag-
netisation will precess in the xy-plane.e ky component to be sample
can then be selected by brief application of a Gy gradient.is is called
phase encoding (g 5.1b), because a position-dependent phase shi now
tags the position along the y-axis. Finally, a third gradient is applied dur-
ing measurement so that the frequency of the measured signal becomes
dependent on the position along the third axis (g 5.1c).
In k-space, these operations are equivalent to a shi of the signal S(k).
e phase encoding applies a single shi ky, while the frequency encoding
is equivalent to a time-dependence in kx(t) = γGx t/2pi. A line of points in
k-space can therefore be read out by recording the time-dependent signal
amplitude during acquisition. In practice, phase encoding is oen used
along both the x and y axis (g 5.2a-b).is way, the sample is rst po-
sitioned at (−kx , ky) , allowing sampling of the entire interval [−kx , kx]
during the readout phase, reducing the number of required repetitions.
Figure 5.2b shows a simplied representation of how these techniques
are combined in a spin echo pulse sequence. First a 90° slice selection is
performed, followed by a 180° pulse to induce a spin echo. A side eect of
the slice selection is that the sample has a z-dependent phase shi aer ex-
citation, so a second gradient along the z-axis is applied aer the 180° pulse
to get rid of this unwanted encoding of the z-position.e phase encod-
ing gradients are then applied, aer which readout is started to capture the
spin echo at time τ aer the 180° pulse.
us in summary, a selective excitation is used to ensure the rst co-
ordinate is known.e k-space in the plane is then sampled by repeating
the pulse sequence for dierent values of ky, reading out a line of points
along kx each time.
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Magnetic Resonance Velocimetry
In Magnetic Resonance Velocimetry, a phase shi is used to measure the
velocity of the uid.e basic principle behind the technique is as follows.
First a phase-shi is used to encode the position along the axis of motion.
Aer an time interval ∆, commonly known as the observation time, a re-
verse phase-shi is applied. When the sample is stationary, the net phase
shi due to this operation will be zero. However, when movement occurs
within the sample, a residual phase-shi proportional to the velocity v can
be recovered from the signal.
e principles behind these measurements can be understood as fol-
lows. For a uid element in a owing sample, the trajectory r(t) may be
approximated by
r(t) = r0 + v0t + 12a0t2 + . . . , (5.8)
where v0 and a0 denote the velocity and acceleration of the uid element at
t=0.Within this moving frame, the phase shi resulting from the applica-
tion of an additional time-dependent gradient g(t) can then be expressed
as
ϕ(t) = ϕ0 + γ ∫ t0 g(t′) ⋅ r(t′) dt′ , (5.9)
which expands to
ϕ(t) = ϕ0 + r0 ⋅ γ ∫ t0 g(t′) dt′+ v0 ⋅ γ ∫ t0 t′ g(t′) dt′+ a0 ⋅ γ ∫ t0 t′2 g(t′) dt′ .
(5.10)
If we now dene the n-th moment of the gradient as
gn = ∫ ∆0 tng(t) dt , (5.11)
then the next phase shi due to g can be written as:
∆ϕ = γ (r0 ⋅ g0 + v0 ⋅ g1 + 12a0 ⋅ g2 + . . .) (5.12)
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Figure 5.3 Stimulated echo sequence with velocity encoding gradient g, as used
in our experiments. A motion encoding gradient is applied immediately aer ex-
citation. Aer a time ∆ a reversing pulse is applied, resulting in a phase shi pro-
portional to the displacement over the time interval ∆. In order to maximise the
observation time ∆, a stimulated echo sequence is used. Here, the magnetisation
is ‘stored’ by using a second 90° pulse to rotate it back along the z-axis. Aer an
interval T , a third pulse is then used to rotate the magnetisation back into the
xy-plane, resulting in a 180° ip that induces an echo at time T + 2τ.
An MRI pulse sequence can thus be extended to encode the velocity by
inserting a pulse g with zero g0 and g2 moments.e measurement pro-
cedure is otherwise unaltered, with the notable exception that the addition
of the velocity encoding gradient g now produces a complex spin density
ρ(r) exp(i γ v ⋅g1), allowing reconstruction of the velocity prole from the
complex phase of the spin density. Analogous to how the rst moment g1
encodes the velocity, the second moment g2 can in principle be used to
encode the acceleration a0.
When measuring small velocities, diusive displacements can domi-
nate over advective ow for short observation times ∆. Since the magni-
tude of diusive displacements increases as ∆1/2, while advective transport
increases as ∆, the signal to noise ratio of the measurements can be im-
proved bymaximising the observation time. For this purposeMRV exper-
iments commonly employ a stimulated echo sequence (g 5.3) to extend the
time between excitation and read out. Here, the xy-plane magnetisation
is allowed to disperse over a short echo time τ, aer which a second 90°
pulse is applied, that orients the xy-magnetisation back along the z axis.
is ‘stores’ the dispersion along the z-axis where it is subject to slower T1
decay, an eect whose explanation requires a quantum mechanical view
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Figure 5.4 (a) Microscopy image of the sample prior to insertion into the glass
tube.e dotted line shows a spiral of dimensionless wavelength λ/R = 42. (b)
Schematic of sample holder enclosed in a horizontal RF coil.e length of the
tube is 40 mm.
that is beyond the scope of this introduction. During this storage, a ho-
mospoil pulse is used to wipe out any residual coherence in the xy-plane.
By application of a third 90° pulse the stored components are now eec-
tively ipped, resulting in a delayed echo at time T + 2τ. It is this type of
sequence that we employ in our MRV experiments, where the observa-
tion time needs to be as long as possible to increase the ratio of advective
motion to diusion. By careful selection of the magnitude of the applied
eld gradients and the observation time, this type of pulse sequence allows
measurement of velocities from ∼10−5– 10 m/s can be measured, depend-
ing on uid properties.
5.1.2 Measurement Protocol
Our experiments were performed on internodes excised from Chara
corallina v. australis as grown in our lab, originally obtained from the Bo-
tanic Garden of the University of Cambridge, courtesy of J. Baneld.e
plants were grown in a non-axenic culture, rooted in non-fertilised soil
in a 100 litre tank lled with Articial Pond Water (1 mM NaCl, 0.4 mM
KCl, 0.1 mM CaCl2).e tank was kept at room temperature and illumi-
nated with a bench lamp on a 16/8 hour day-night cycle. Once the plants
had matured, they were kept at relatively low light levels to prevent lime
deposition. During illumination, the light intensity at the top of the tank
was ∼ 250 lux. Samples of suitable size were placed in a Petri dish under a
microscope to verify healthy streaming.
To measure the cross-sectional ow inside the internodal vacuole, a
sample was placed in a 1.6 mm inner diameter glass capillary 40 mm in
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length, which was pre-lled with Forsberg medium (Forsberg, 1965).e
capillary was inserted into a horizontal solenoidal radio-frequency (RF)
coil (gure 5.4b).e capillary tube was closed with PDMS plugs and a
small volume of silicone grease to ensure a good seal over the measure-
ment time of 192-256 minutes needed to obtain the high resolution mea-
surements.
Note that since our sample is inserted horizontally into theNMRmag-
net coil, the long axis of the cell lies in the xy-plane of the magnet.e z-
axis in these experiments is therefore taken to denote the long axis of the
cell, which is also the slicing axis since we are measuring cross-sectional
proles, but is not the same as the orientation of the external magnetic
eld.e x and y axes still denote the read and phase axes respectively,
which are identical to the cellular ow axes used throughout this work.
Velocimetry measurements were obtained using a pulse sequence de-
signed by A.J. Sederman on a Bruker Spectrospin DMX 200, 4.7 Tmagnet
with a 20 mm long solenoid coil of diameter 3 mm. 1H images were ac-
quired at 199.7MHz. Spatial resolution was achieved using 3-axis shielded
gradient coils providing a maximum gradient strength of 49 G cm−1 in
each direction. Spatial imaging gradients were applied aer the motion
encoding tominimise diusive attenuation. Hard 90° RF pulses were used
except for the nal pulse which was a Gaussian-shaped selective 90° RF
pulse 512 µs in duration. Experimental parameters used for the velocity
images were: observation time, ∆= 500ms; velocity gradient duration, d =
1.62 ms; gradient increment, ginc = 10 G cm−1; number of velocity gradient
increments, 2; recycle time, TR = 1.9 s; number of scans = 16; eld-of-view
= 2 mm × 2 mm; pixel array size Nread ×Nphase = 128×64; in-plane spatial
resolution = 16 µm× 31 µm; slice thickness = 1mm;measurement duration
= 64 min.
For each data set, 4 measurements were taken between 3 and 7 hours
apart and subsequently averaged. A Gaussian smoothing with 31 µm Full
Width atHalfMaximum(FWHM)was selectively applied to the streaming
region whilst avoiding blurring at the cell periphery.e streaming veloc-
ity in the individual measurements was not observed to vary signicantly
over the 15 hour period of acquisition.roughout the measurements the
temperature was maintained at 298 K by a regulated airow system.
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Figure 5.5MRV measurements of the cross-sectional velocity proles (a) NMR
image of the sample, with themeasurement volumes at x = −3mm ,−1mm, 1mm
marked in green, blue and magenta. Dotted lines mark the extrapolated position
of the indierent zones, as determined from the orientation of velocity proles at
5 measurement points between x = −5 mm and x = 3 mm (marked with black
arrowheads). (b)Cross-sectional plots of the velocity at each of themarked slices.
e resolutions along the y− and z−axis are 16 µm and 31 µm respectively.
5.1.3 Results and Comparison toeory
Figure 5.5a shows anMRI spin density image of the sample, with three
slices along the z-axis marked in green blue and magenta.e location of
the indierent zones (dotted lines) was determined by ve short measure-
ments taken at positions 2 mm apart (g 5.5a, arrowheads). e helical
pitch is 18.6○/mm, equivalent to a dimensionless wavelength of λ = 42.0,
in good agreement with our estimate from the light-microscopy image in
gure 5.4b.
e velocity proles at each of the slices are shown in gure 5.5b. Due
to the usage of a so pulse during slice selection, the acquired data is av-
eraged along the z-axis with a Gaussian weighting of 1 mm FWHM.is
means that the helical axis shis by about 20° over the averaging volume,
producing an apparent ‘widening’ of the indierent zones with respect to
the theoretical prole. Mean ow velocities are ∼ 45 µm/s.ese values
fall within the range of typical velocities observed in our lab, though the
low ambient light levels inside the coil may have reduced the streaming
rate somewhat (Plieth and Hansen, 1992).
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Figure 5.6 Comparison between measurements and theoretical solution. (a) Re-
constructed prole created by aligning and averaging the data sets shown in gure
5.5b. (b) Corresponding theoretical prole. (c) ree wall-to-wall velocity sec-
tions at orientations of 0○, ±35○ and ±70○ with respect to the y−axis (see arrow-
heads in panels above). (d) Comparison between measurements and theoretical
values. Data points from all three proles are shown as markers, with the colour
of the marker denoting the radial position of the data. For clarity, only 1 in 10
points is shown.
In order to further enhance the signal to noise ratio of the prole, we
align and average the three datasets in gure 5.5b. e resulting cross-
section is shown in gure 5.6a along with the corresponding hydrody-
namic solution gure 5.6b. We account for the ∼ 20○ of helical rotation
along the measurement volume by averaging the theoretical expression
over a length of 3mmwith the sameGaussian weighting as theMRVmea-
surements.
e two proles show an excellent agreement between measurement
and theory.is correspondence is further demonstrated by the wall-to-
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wall 1-dimensional proles shown in gure 5.6c.ese proles show slices
at angles of 0°, 35° and 70°, as marked by the arrowheads in gure 5.6a-b.
For the rotated proles, an interpolated rotated dataset was constructed for
rotations in both directions and subsequently averaged along both angles
of rotation. Markers show the measured values, lines show the theoretical
prediction.
In gure 5.6d, measurement points are plotted against their theoretical
values, in themanner of earlier velocitymeasurements (Pickard, 1972).e
colour of the points indicates the radial distance from the centre of the cell.
We see a remarkably good correspondence throughout the bulk of the cell,
with deviations restricted primarily to points within a pixel from the cell
wall, where partial-volume eects become signicant.
In summary, the results above show that the velocity eld within a
characean internodes shows an extraordinary agreement with the theoret-
ical predictions in chapter 3.is shows that for the purposes of studying
the vacuolar ow, the precise details of the actin-myosin system within
the cytoplasmmay largely be ignored, since the bulk ow is simply a shear
ow with piecewise constant forced velocity at the periphery. By exten-
sion this result also shows that that the vacuolar cell sap indeed behaves as
a Newtonian uid.
5.2 Injection Experiments
In the section above we have seen that MRV may be used to obtain
exceptionally accurate measurements of the internodal ow prole that
show a near perfect correspondence to our hydrodynamic predictions. In
order to gain more insight into how these ow proles might aect trans-
port, we set out to develop injection experiments. By addition of uores-
cent particles to the vacuolar uid, or the cytoplasm, it should in princi-
ple be possible to obtain time resolved measurements of more localised
ows.is enables a number of experiments not possible with the time-
averaging methods that are intrinsic to the MRV technique.
In this section we evaluate the utility of this method for a number of
ow and transport experiments. All experiments in this section were per-
formed in conjunction with C.H. Picard, who also helped design the in-
jection protocol. Our initial ndings were that injection of tracers into the
vacuole can be done reliably, and a sucient tracer density for PIV mea-
surements may be achieved by this method. While we were able to suc-
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cessfully inject particles into the cytoplasmic layer on several occasions, it
proved dicult to develop a reliable protocol that still allowedus to achieve
a good tracer density. Recent eorts byV. Kantsler to improve the injection
system have increased the reliability of the method somewhat, though it
remains dicult to determine conclusively whether particles close to the
cytoplasmic layer are in fact in the cytoplasm or in the vacuole.
We will begin this section by outlining our injection protocol. We will
then show the ow measurements that may be obtained through particle
tracking and PIV of injected tracers. Finally we will discuss some of the
trials we performed to see if these techniques could used to extend our
insight in vacuolar transport and cytoplasmic rheology.
5.2.1 Injection System
A schematic of the injection system used in our experiments is shown
in gure 5.7. An internodal cell is placed on an invertedmicroscope, inside
Polydimethylsiloxane (PDMS) sample holder that has a large cover slip as
its base.e sample holder contains a window in the centre that allows
access to the sample. A glass micropipette, mounted on a motorised mi-
cromanipulator is used for injection. Because of the high osmotic pressure
inside internodal cells, the cell needs to be bathed in an isotonic medium
prior to puncturing of the cell wall. For this purpose, an inlet and outlet
tubing are connected to the ends of the cell holder. By use of a peristaltic
pump, the medium surrounding the uid can be changed, thereby allow-
ing us to alter the osmolarity of the medium during an experiment.
e basic injection protocol is as follows. A sample is placed in the
holder and positioned for imaging on the microscope.e micropipette
is then lled with solution and positioned near the surface of the sample.
A high osmolarity medium is then ushed into the sample holder.is
induces a gentle osmotic shock causing the cell to slowly lose turgor.Whilst
the cell still retains some stiness, the surface of the wall is punctured with
the micropipette. Once it has lost most rigidity the pipette tip is advanced
inward. is avoids a back ow upon entering, which tends to jam the
pipette tip and can damage the cell by tearing away parts of the cytoplasm.
Injection may then be performed over several minutes, aer which the
pipette is extracted.e osmolarity of the externalmedium is then reduced
slightly to allow the cell to regain some of its turgor. e wound site is
allowed to heal for another 30-60 mins, aer which the sorbitol solution
may be ushed out and replaced with articial pond water. Because the
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Figure 5.7 (a) Schematic representation of injection setup.e sample is placed in
a PDMSholderwith a glass coverslip bottom for imaging on amicroscope. Awin-
dow in the top of the sample holder allows access for injectionwith amicropipette.
e cell holder is connected to a changeable medium reservoir to allow the ex-
ternal osmotic pressure to be controlled. (b)Dimensions of the PDMS holder (c)
Photograph of sample holder in stage inset, with positioned micropipette (le)
and cell clamp (right).
cell is losing water while it is exposed to a hypertonic medium, relatively
large volumesmay be injected into the vacuole without over ’inating’ to a
point that would cause the site to burst aer extraction of the pipette.is
allows seeding of the vacuole with a high number of tracers required for
PIV, tracking, or transport experiments.
In the next sections we will discuss each of the components in this
setup in further detail, aer which we will proceed by presenting ourmea-
surement results.
5.2 Injection Experiments 111
Sample holder
Sample holders are created from Polydimethylsiloxane (PDMS), a silicone
commonly used as a resin in so lithography, particularly microuidics.
PDMS is a liquid in its normal form, which can be hardened by treatment
with a curing agent, producing an optically transparent rubbery material.
PDMS is inert and non-toxic, making it highly suited to biological appli-
cations.
emold for our sample holder was designed andmanufactured byD.
Page-Cro. Figure 5.7b shows a diagram of the sample holder.e holder
is designed to have the dimensions of a standardmicroscope slide (25 mm× 75 mm) and has interior dimensions of 15 × 70 mm, so that it may be
closed o with a large cover glass (22 mm × 74 mm, #391-8055, VWR,
Lutterworth UK). Inside the chamber, four wedged clamping posts keep
the sample aligned and pressed against the cover glass bottom.
To prevent leakage of medium into the microscope, we use a custom
stage inset (g 5.7c) for our Zeiss Axiovert 200M microscope, also de-
signed and manufactured by D. Page-Cro.is inset uses a clamp that
can be tightened by six screws.e base of the inset is linedwith a thin rub-
ber gasket to ensure a water tight seal and prevent fracture of the cover slip
under pressure.e design also ensures that the PDMS holder is pressed
down rmly on the cell minimizing the distance of the sample from the
coverslip surface.is is important when imaging the sample with oil im-
mersion objectives, which typically have very short working distances of
about 200 µm.
e protocol for production of a sample holder is as follows. About
10 g of Sylgard 184 base elastomer is weighed on a scale (634165S, VWR,
UK), aer which 10% of curing agent is added by weight.e mixture is
stirred 5 minutes and then placed in a vacuum desiccator to degass for
about 20 minutes until it is free of bubbles.e PDMS is then poured into
the mold which is then placed on a hot plate and cured at 100 C for 10-15
minutes.
Pumping system
In order to allow adjustment of the external osmolarity, a reservoir is con-
nected to each end of the cell holder with Tygon tubing. On the inlet side,
the tubing passes through a peristaltic pump (MasterexC/L 7710-62,er-
mo Fisher Scientic, Barrington IL).e outlet side connects to a waste
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Figure 5.8 Micropipette tips in injection experiments. (a) A newly pulled tip is
rst bevelled on a rotating grinding surface, producing a tip with inner diameter
of 5 − 10 µm (b) e bevelled tip is then sharpened on a microforge by briey
letting it touch a glowing lament and then quickly pulling away while the glass
cools.
reservoir, whose height can be adjusted to ensure that outowmatches the
inow from the pump. A simple test with cochineal dye showed that the
uid in the cell holder could be exchanged in this manner over a period of
2-3 minutes.
Micropipette fabrication
Micropipette tips used in our experiment are produced in three stages.
First a tip is pulled on a horizontal puller (Sutter P-97, Intracel, Royston
UK).We use 1.5 mmO.D., 0.86mm I.D. borosilicate capillaries to increase
the rigidity of the tip (#1B150-6, WPI, Stevenage, UK). Since the cell wall
in Chara is relatively dicult to puncture, our pulling program is designed
to produce a short tip with low ex.
Once tips have been produced, a micropipette beveler is used to cre-
ate a sloped tip with a smooth surface (Sutter BV-10D, Intracel, Royston,
UK).e inner diameter of the beveled tip can be inuenced by the bev-
elling duration (typically about 60 s), as well as coarseness of the grinding
surface. Depending on the experiment, the inner diameter of our tips will
range from 5 − 50 µm.
Because the tips used in our experiments are relatively large by injec-
tion standards, we use amicroforge (WPIDMF-1000,WPI, StevenageUK)
to sharpen the protruding edge. In this procedure, the pipette tip is placed
on a movable stage on a microscope, and positioned near the surface of a
lament under the objective.e lament is then heated running a current
through it, causing it to expand slightly. At the point where the expand-
ing lament touches the tip edge, the current is cut and the tip is quickly
moved away from the surface of the lament.is results in a sharp tip on
5.2 Injection Experiments 113
Figure 5.9WPI PicoNozzle kit for mounting of micropipettes.e pipette is t-
ted with a rubber gasket and inserted into the plastic body, aer which it can be
tightened with a metal screw cap.e plastic body is tted with a male Luer lock
barb that connects to the tubing. An aluminium handle is screwed onto the body
for mounting on the micromanipulator.
the protruding edge of the pipette, allowing easier puncturing of the cell,
while causing less tearing upon insertion.
Pipette loading and mounting
Fluorescent beads and dyes are injected in a buer of 150-200 mM KCl.
Typically, a volume of 100 µl of stock bead concentration was mixed with
1000 µlKCl, resulting a highly concentrated solution containing 0.2%beads
by volume. Prior to addition of the uorescent agent, the KCl buer is lter
sterilised using a 0.26 µm mesh to ensure the buer is free of particulate
matter that could clog the pipette tip.
Pipettes are loaded with injection uid using the following method. A
1 ml plastic syringe is heated briey in a Bunsen burner until its tip melts
slightly.e tip is then pulled by hand to create a long, thin, exible nozzle.
About 200 µl of injection uid is loaded into the plastic syringe, which is
then inserted all the way into the micropipette to ll it from tip to back.
is prevents the formation of an air bubble at the tip.
Our micropipettes are mounted on a motorised 3-axis micromanipu-
lator (Patchstar, Scientica, Uckeld, UK). In order to ensure a tight seal,
a PicoNozzle gasket system (g 5.9) was used (#5430-15, WPI, Stevenage,
UK).Originally, Superthane tubingwas used to connect themounted pipette
to a 50 µl airtight syringe (Hamilton, Bonaduz, CH). It was found that the
elasticity of the tubing was a limiting factor for control of pressure and
ow rates. In later experiments, the Tygon tubing was replaceD by stain-
less steel, and a smaller syringe of volume 10 µl could be used.
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Injection protocol
Our injection protocol is as follows. Once the sample and micropipette
have been positioned correctly, we begin by ushing a high osmolarity
Sorbitol solution (usually 300 mM) into the sample holder. Aer a ow
period of 60-90 seconds the cell wall is gently punctured. Depending on
the observed back ow, the pipette may then be advanced into the cell im-
mediately, or aer a short delay. Another 30-90 seconds aer insertion of
the pipette tip, pressure is applied on the syringe by gently advancing the
plunger. In most cases, some cytoplasm will have entered into the pipette
tip, resulting in a slight blockage. If too much pressure has to be applied,
unblocking of the tip can be abrupt, resulting in excessive ow rates.e
stainless steel tubing is an improvement in this regard, allowing a more
controlled injection.
Aer an injection period of 30-300 seconds depending on the exper-
iment, the pressure on the pipette is gently reduced until the ow halts.
e pipette is then extracted from the cell. If the osmotic water loss has
balanced out the increase of volume from the injection, the wound site
should remain closed upon extraction.e external medium can then be
replaced with a 200-250mM solution to prevent further loss of turgor. Af-
ter another 30-60 min, the concentration may then be reduced further to
restore turgor in the cell.
Fluorescence excitation
For imaging of our sample we use a Zeiss Axiovert 200Mmicroscope with
motorised z-focus and turret wheel control.e light source used for u-
orescence excitation is a X-Cite 120 W Mercury short-arc source (EXFO
UK, Hants, UK). A signicant issue with uorescence imaging is that the
high light intensity required for excitation can damage the sample. Since
chloroplasts have a minimum in their absorption spectrum around 550
nm, we most commonly use a Nile-red uorescent agent with a 540 nm
excitation 600 nm emission lter set (Chroma Technology Corp, Rock-
ingham, VT, US). At low magnication (10x) imaging at this wavelength
was found to not signicantly damage the sample. At higher magnica-
tions (40x, 63x) some more care must be taken, but measurements over
several minutes can still be carried out without damaging the sample in
the course of observation.
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5.2.2 Velocimetry of Injected Microspheres
In this section we will discuss the ow measurements based on dis-
placements of uorescent tracer particles. With the widespread adoption
of CCD technology, particle tracking and image velocimetry have become
standard techniques in research on uids and so-condensedmatter. Both
methods have comparative advantages and remain widely used. Particle
Tracking Velocimetry (PTV) is accurate in the sense that velocities are cal-
culated directly from particle positions. Tracking based methods are also
suitable for Lagrangian Particle Tracking (LPT) methods, where quanti-
ties are evaluated in a Lagrangian set of coordinates. Particle Image Ve-
locimetry (PIV) is computationally robust. Being a method that relies on
correlations between small windows in each frame, it can be applied to se-
quences of images that do not contain well-dened particles, such as the
ow of bacterial suspensions (Dombrowski et al., 2004).
Particle trackingmethods rely on the identication of tracers in a uid.
Various techniques exist for determination of the particle positions, rang-
ing from weighted averaging of the particle’s image, to correlation with a
reference and tting of a Gaussian peak.ere are even neural network-
based methods that have been shown to be eective for images contain-
ing a relatively high degree of noise (Ouellette et al., 2005). Over the past
decade these methods have become increasingly sophisticated, and po-
sition measurements with errors below 0.1 pixel are now commonly ob-
tained (Crocker and Grier, 1996; Cheezum et al., 2001; Carter et al., 2005;
Ouellette et al., 2005). e correct identication of particle correspon-
dences between frames can require some degree of analysis, particularly
when displacements between frames exceed the typical particle spacing.
Here too various algorithms exist. Typically these analyse the trajectory
over several frames to ensure trajectories that are consistent over time
(Ouellette et al., 2005).
Particle ImageVelocimetry is a technique where displacements are de-
termined by nding the maximum cross-correlation for a shiing interro-
gationwindow. Since PIV is a statisticalmethod, its rate of success depends
on the number of features in the interrogation image. Keane and Adrian
(1992) showed that when performing PIV on a uid seeded with spot-
shaped particles, the success rate shows a well-dened dependence on the
number of particles present in both frames. Numbers in the range 7-10 are
generally accepted as sucient for producing accurate results. Due to its
statistical nature, PIV is ideally suited for measurements containing high
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particle densities, whereas tracking is the more natural solution at lower
densities. A great advantage in comparison to tracking based approaches
is that PIV can be applied to image sequences lacking well-dened indi-
vidual particles, as long as the images contain enough features suitable for
correlation. Some care should be taken in these cases however, since it can
be dicult to obtain an estimate for the equivalent number of ‘particles’ in
the image.
In these experiments we evaluate both PIV and PTV for the measure-
ment of ows in the vacuole and cytoplasm. Our PIV analysis is done us-
ing the MatPIV soware by Sveen (2004), which allows straightforward
computation of PIV velocity elds in Matlab. Typically we use a 64 × 64
interrogation window and choose our frame interval such that displace-
ments between frames are of order 6-8 pixels to minimize locking eects.
Our PTV experiments use custom written soware by C.H. Picard.
Comparison of PIV and PTV ow measurements
Figure 5.10 shows a basic cross-sectional ow prole measurement ob-
tained in an injection experiment using 2 µm Nile red beads. Aer injec-
tion, themicroscope stage was positioned in the centre of one of the bands
and image sequences were acquired at focal distances 20 µm, 200 µm, 300
µm, 400 µm, 500 µm, and 590 µm from the surface of the cell. Acquisition
was performed at 10x magnication using a Pike F-145B camera. Images
were obtained at 15 fps, with a resolution of 1388×1038, corresponding to a
eld of view of 1750 µm × 1300 µm.is acquisition rate was chosen to en-
sure that the typical displacement of particles between two frames would
be 2-3 particle distances in the fastest moving regions.
e image sequences obtained from these experiments were subse-
quently processed with both PIV and PTV to allow comparison of results.
A PIV and PTV velocity eld in the xz-plane was calculated for each im-
age sequence. Since in-plane velocity variations proved small compared
to the accuracy of measurement, velocity components were average over
each measurement plane to create two sets of velocity measurements.e
resulting proles are shown in gure 5.10a.e markers show the veloc-
ity as determined by PIV (squares) and PTV (triangles).e twomethods
show good consistency, as should be expected given the averaging over a
wide eld of view.emeasured proles also show a good correspondence
to hydrodynamic predictions.
While it was found that this technique produced reasonable velocity
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measurements, initial results showed that image quality was not sucient
to obtain fully resolved 2-dimensional proles. Since a full view imaging
of the cell requires a lowmagnication, the depth of eld of the image can
exceed 10 µm.is results in poor resolution along the focus axis, partic-
ularly in uorescence imaging where particles slightly outside the plane of
focus will still contribute to the PIV/PTV signal. More importantly, imag-
ing planes near the centre of the cell show a radial drop o in the image
intensity, resulting in a ’shadowing’ of particles near the edge.is eect
is also clearly present in the particle density measurements in section 5.2.4
(see gure 5.12).
As a result of the imaging limitations, theMRVbased technique proves
more suitable for imaging full 2-dimensional proles than our injection
based method. In particular this means that we were unable to achieve the
precision that would be required tomeasure the secondary components of
ow. However the technique shows potential for high resolution imaging
with a smaller eld of view, as we will show in the next section.
5.2.3 e Flow Prole Near the Tonoplast Interface
One area where higher resolution experiments could yield insights
is the details of driving mechanics near the neutral line. ese dynam-
ics are determined by a large number of factors that remain largely un-
known. First there is the eective force-velocity relationship that results
from the collective action of the myosin motors on the cytoplasm. Sec-
ond is the topology of the actin network, which is known to show a gap
near the indierent zone Wasteneys et al. (1996).irdly, the rheology of
the cytoplasm remains poorly understood.e best measurements cur-
rently available show that it is non-Newtonian showing a power-law de-
pendence τ ∼ γ˙1/n in the stress-strain relation with exponent n = 3 (Don-
aldson, 1972). Finally, there is the question how shear is transferred from
the cytoplasm to the vacuole. Presumably the tonoplast moves with the
cytoplasmic layer and the velocity eld is continuous across the tonoplast
boundary. If this is indeed the case, it would imply that the tonoplastmem-
brane can robustly support the high rates shear near the indierent zone.
As such, the tonoplast inCharacean cellsmay not only be the largest vesicle
known in nature, but also an interesting example of how these membranes
can ow under shear.
Due to the complexity of all these interacting aspects, it is clear that
understanding the shape of the shear prole near the indierent zone will
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Figure 5.10 Flow proles obtained with PIV and PTV. (a) z-component (cyan)
and x-component (magenta) along a slice at x=0. Markers show velocities ob-
tained from PIV (squares) and PTV (triangles), with lines showing the corre-
sponding theoretical prole. (b) Corresponding theoretical prole showing the
slice position in dark grey.
Figure 5.11 Tracking based ow measurements of the shear prole near the in-
dierent zone. (a)Measured ow prole (b) Fitted prole with a streaming rate
of V = 67 µm/s and linear cross-over at the indierent zone of width ε = 19 µm.
(c) Comparison of measurement proles (solid) to t (dotted) at x positions −315
µm,−305 µm,−295 µm,−275 µm,−235 µm,−205 µm and−175 µm. (d)Dierence
between measured prole and t.
5.2 Injection Experiments 119
require more information than can be obtained from ow measurements
alone.However a precise determination of the owprole certainly oers a
good starting point for further analysis. Figure 5.11 shows ow proles ob-
tained from an experiment performed by V. Kantsler. With the improved
control resulting from the use of stainless steel tubing, he was able to seed
both cytoplasm and vacuole with 0.5 µm Nile red particles. For imaging,
a 63x water immersion objective was used (441470-9900, Carl Zeiss, Wel-
wynGardenCity,UK).is objective combines a relatively highnumerical
aperture of 1.0 with a long working distance of 2.1 mm, allowing accurate
imaging with a eld of view of about 240 µm × 120 µm. Image sequences
were acquired at focal distances 5 µm, 13 µm, 17 µm, 21 µm, 29 µm, 37 µm,
53 µm, 85 µm, 145 µm with respect to the ectoplasm-endoplasm interface.
e radius of the cell was 320 µm and the dimensionless wavelength was
λ = 24.
Particle tracks were obtained from each of the image sequences. Be-
cause the presence of chloroplasts distorts particle images, the length the
tracks that could be obtained was highly variable, ranging from 3 to 50
frames per particle. Because of this we use a coarse-graining basedmethod
to create an averaged velocity prole from these measurements. For each
of the particle tracks, the r and ϕ coordinates were determined for each
time point, as well as the z-displacement between frames. is resulted
in roughly 2 ⋅ 104 data points for each image sequence. Each displacement
was thenmultiplied by a radial basis functionΦ ofGaussian shape to allow
evaluation of the velocity on a grid.e velocity eld can thus be calculated
from the vectors (ri , φi , dzi , dti) using a form of weighted averaging:
vz(r, ϕ) = ∑i Φ(∣x − xi ∣ /σ)dzi/dti∑i Φ(∣x − xi ∣ /σ) . (5.13)
Here ∣x − xi ∣ denotes the distance of the grid point where the velocity is
evaluated to the i-th data point.e parameter σ , which is known as the
coarse-graining length, determines the size of averaging volume around
each grid point.
e method outlined above may thus be used to average the velocity
data in a helical frame and collapse it to a single prole in the rφ-plane at
z = 0. Because of the large number of data points in each imaging plane,
an anisotropic coarse-graining length (σx , σy) was employed to increase
resolution along the y-axis of the imaging plane. Grid-points along the y-
axis were spaced 0.64 µm apart, and an averaging length σy was 2.56 µm.
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Along the x-axis, σx was taken equal to the distance between neighbouring
planes.
e reconstructed velocity prole resulting from this analysis is shown
in gure 5.11a.is prole was tted to a theoretical prole to determine
the streaming rateV and indierent zone cross-over width ε. Two types of
boundary velocity functionswere tried. Firstwe used a smoothed tanh((φ−
φ0)/ε) dependence as used in other analysis. We found that a somewhat
better t resultedwhen the tanhdependencewas replaced by a linear cross-
over of the form:
vb(φ) = { V(φ − φ0)/ε ∣φ − φ0∣ < εVsign(φ − φ0) ∣φ − φ0∣ ≥ ε (5.14)
e t of the prole is shown in gure 5.11b. As in the MRV measure-
ments, the overall features look very similar. However, closer inspection of
the proles near the wall shows clear qualitative dierences.e measure-
ments appear to show a ‘dead zone’ in between the owing bands, and the
velocity does not decrease as steeply moving inward as it does in the theo-
retical prole. We also see see that the curvature of the outermost contour
lines diers signicantly. Figures 5.11c-d show a comparison of the two
proles. Because the velocity gradients are less steep in the measurement
data, the theoretical prole overts the points near the wall, while showing
a slight undert towards towards the centre.
ese results appear to show that the presence of the cytoplasm aects
the shape of the ow prole in a signicant way. Regardless of the details of
drivingmechanics, a system that is Newtonian should be fully determined
by the velocity at the boundary. OurMRVmeasurements show that this is
indeed a very good approximation for the vacuolar ow further away from
the walls, but these measurements near the wall show a ow prole that is
incompatible with aNewtonian description.e outermost contours show
very little shear gradient, which could mean that these regions are owing
cytoplasm that undergo little deformation as theymove along the wall. In-
deed this would be a detailed conrmation of the sliding theory proposed
by Kamiya and Kuroda (1956), which states that the cytoplasm slides along
the cell wall as a gellied layer.
Certainly we see that these types of experiments show potential for
more details studies into the interaction of myosin driving, cytoplasmic
rheology and ow. A number of experiments could further elucidate the
behaviour of the ow near the cytoplasm-vacuole interface.
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Chiey, it is important to locate the position of the tonoplast in these
measurements. We have in tried several methods for visualising the tono-
plast. One of the most well known of these is injection of FM1-43, a styryl
dye which localises to membranes. While it is straightforward to add this
dye to the injection buer, our nding was that the resulting uorescence
signal was not sucient identify the position of the tonoplast. Glass beads
are known to stick to membranes, but our experience was that adhesion
was not strong enough to allow clear identication of the tonoplast posi-
tion.We also tried coating beads with polylysine, but observed little eect.
Another approach may be to attempt two injections using beads with dif-
ferent dyes for the cytoplasm and vacuole. In order to achieve this, our
injection protocol would still need some improvement however, since we
are currently not able to reliably inject selectively into the cytoplasm.
Another source of information could be the visualisation of the actin
network. It is known that FITC-phalloidin can be used for in vivo labelling
of actin in characean cells (Wasteneys et al., 1996). If an image of the actin
network could be obtained in with ameasurement of the ow eld, a com-
pelling level of information becomes available that could make it possibly
to test theories about myosin driving mechanics and cytoplasmic rheol-
ogy.
5.2.4 Other Experimental Trials
In the last section we showed that injection of tracer particles allows
high resolution and accurate ow measurements at microscopic resolu-
tions. In developing these protocols we envisioned a number of other ex-
periments, which we will discuss briey in the remainder of this chapter.
Microrheology of vacuolar uid and cytoplasm
As can be seen in section 2.3.7, relatively little is known about the rheology
of internodal cytoplasm and the vacuolar uid. We have performed sim-
ple experiments to see if better information could be obtained by imaging
injected particles with a high speed camera.rough the statistical analy-
sis of the particle uctuations, a technique known asmicrorheology, it is in
principle possible to obtain an estimate of the frequency-dependent vis-
cous and elastic moduli.
Our measurements of the vacuolar rheology showed that the viscosity
of the vacuolar uid was indiscernible from water to experimental pre-
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cision. Determination of the cytoplasmic rheology was complicated by a
number of factors. First among these was the diculty of achieving reli-
able injection. In order to image particles in the cytoplasm with sucient
precision, a chloroplast-free window must rst be created by exposure of
the surface with a bright light source.is causes chloroplasts to swell and
detach over a period of about 6-8 hours. Injection can only be attempted
aerwards and was initially found to have a low success rate. Our protocol
for cytoplasmic injection has somewhat improved recently, so this prob-
lem could be resolved in future experiments, though it is not yet clear if a
sucient tracer density can be achieved to allow statistically sound mea-
surements.
A second problemwas the reliable suspension of streaming.We halted
streaming by application of amodest voltage of 10-15 V across the cell with
an external power source, thereby triggering an action potential. While
this method successfully suspended streaming for a period of several sec-
ond, close inspection of the particle data revealed a continuous residual
dri in the particle positions. Mechanical stimulation can result in cessa-
tion of streaming over a longer period of time, but we were not able to nd
a method of mechanical stimulation that produced reliable action poten-
tials whilst avoiding wider damage to the cell.
While we suspended our eorts to determine rheology in this man-
ner aer initial trials, it may well be worth revisiting this experiment at a
later stage. Imaging quality has improved with the installation of the 63x
water immersion objective, and injection into the cytoplasm has become
easier aer injection control was improved with stainless steel tubing.e
fact that a chloroplast window must be created means that the number of
experiments it will be dicult to obtain large numbers of datasets, but a
basic determination of cytoplasmic rheology should be possible in future
experiments.
Spreading of tracer particles in the vacuole
Our hydrodynamic description in chapter 3 reveals that the helical nature
of the internodal ow implies a small transverse circulation, that is shown
to enhance diusive exchange between vacuole and the cytoplasm in chap-
ter 4. An unanswered question is how spreading along the long axis of the
cell is aected by this circulation component. We attempted two experi-
ments to characterise these eects.
In the rst experiment, we injected 2 µmNile red tracers near one end-
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Figure 5.12 Results from a tracer transport experiment. Particles are injected at
the end of an internode at t=0. A stack of images is then acquired at intervals of
5 min to obtain the time dependent density upstream from the injection point.
point of an internode. Streaming was inhibited during the injection phase
of the experiment by placing an icepack on the microscope stage, thereby
lowering the temperature and reducing streaming to negligible rates (see
section 2.3.3).e microscope stage was then positioned to image a point
upstream in the cell.e motorised z-focus was then used to acquire a
stack of images at regular intervals, allowing us to determine the evolu-
tion of the upstream density prole with time.
A sample set of acquired density proles is shown in gure 5.12. Since
diusive spreading of 2 µm tracers is negligible on the time scale of the
experiment, the observed changes in concentration are purely the result of
advection. We rst observe an increase in concentration near the bottom
band. 10 minutes later we start to observe particles in the other band as
well, which have presumably been transported to the end of the cell, and
are now being advected back to the injection point. Aer about 40 min we
start to see a slow increase in the concentration in the centre of the cell.
While the initial results in trials with this technique were reasonable,
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the protocol proved unsuitable for quantitative measurements.e chill-
ing technique was successful in inhibiting streaming, we found that tem-
perature control was a limiting factor in these experiments. Excessive chill-
ing appeared to result in a temperature shock that prevented recovery of
streaming rates prior to the experiment. Another limitation, as in our ini-
tial PIV/PTV ow measurements, is the shadowing near the sides of the
cell. Here the sloped cell wall obscures the view and as a result we see an
articial drop o in the apparent density, since particles are not picked up
by the image processing routines. Finally, the initial cloud of injected parti-
cles was found to not be suciently homogeneous to result in reproducible
measurements.
In order to nd a more reliable method for creating the initial condi-
tion in this experiment, we used diamagnetic uorescent particles (ME03F-
/8901, Bangs Laboratories Inc, Fishers IN). By placing a small rare earth
metal (NdFeb) magnet on the sample holder the particles could be col-
lected at one endpoint of the cell. In principle, this method has the great
advantage that it allowsmultiple experiments to be runwithin a single cell.
However it was found that while a magnet was eective in capturing the
particles, a residual magnetisation would be persist aer release, causing
particles to be aggregated clumps whose dissociation rates were too vari-
able to allow consistent measurements.
Summary
With the measurements in this chapter we have, for the rst time,
presented ow proles with a level of accuracy that allows detailed com-
parison with hydrodynamic theory.e MRV technique produces full 2-
dimensional cross-sectional proles that show very close agreement the
Newtonian shear ow solved in chapter 3.e more localised measure-
ments thatwere performedusing particle tracking techniques reveal a non-
Newtonian behaviour near the wall that we hypothesise results from rheo-
logical characteristics of the cytoplasmic layer. If these measurements can
be extended to obtain information of the underlying actin network, as well
as the position of the tonoplast interface, they could provide a level of in-
formation that allows testing of theories on myosin driving dynamics, the
rheology of the cytoplasm, and the transfer of shear into the vacuole across
the tonoplast membrane.

6 conclusions and outlook
At the start of this thesis, wemade the observation that the vast majority of
cells found in nature have a size of less than 100 µm, whilst a large number
of the cells with unusually large dimensions show forms of active internal
transport. Most commonly this transport takes the form of cytoplasmic
streaming, the steady and continuous circulation of the cellular uid.e
fact that streaming occurs precisely in larger cells suggests that this process
may serve to help the cell maintain homeostasis by enhancing diusive
transport, which becomes prohibitively slow on long length scales.
In this workwe sought to quantify this oen raised hypothesis through
a hydrodynamical treatment of rotational streaming in the characean al-
gae, one of the best studied instances of this circulation.ese weeds grow
in shoots segmented into single-celled internodes with diameters as large
as 1mmand lengths that can exceed 10 cm.At the surface of these cylindri-
cal cells, the uid is transported up and down along two spiralling bands
separated by two neutral lines where the ow reverses.e helicity of these
bands varies over the course of development of the cell and is greatest dur-
ing growth.
By analysis of the uid mechanics of the internodal circulation we ob-
tained a mode-expansion solution for the ow eld, which shows excel-
lent agreement with our measurements based on magnetic resonance ve-
locimetry. Our solution also showed that helicity of these bands is in fact
signicant for the symmetry of the internal ow eld. In a non-helical ge-
ometry, the ow eld is parallel to the bands at every point in the cell.
When the bands are helically shaped, a small transverse component is
found, taking the form of two circulation vortices in the ascending and
descending stream, driving an advection current between the two neutral
lines.e amplitude of this secondary component increases with the heli-
cal pitch, suggesting that internal mixing could be improved by lowering
the wavelength of the bands.
e eect of this circulation on transport can be quantied in a variety
of ways. Ourmain analysis examines the response of the cell to a change in
external concentration. We show that this response is enhanced in a man-
ner determined by the Pe´clet number Pe∗ of the circulation. At one of the
neutral lines, the outward advection leads to the formation of a boundary
layer at the periphery, whose thickness δ scales as Pe∗−1/3.is behaviour
is reminiscent of the situation in the spherical algaeVolvox, where a similar
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type of boundary layer scaling is observed due to the ows around the or-
ganism.is decrease of the boundary layer size implies an enhanced con-
centration gradient, and thereby an increased typical ux. Further analy-
sis of the transient problem in the characean internode shows that this en-
hanced ux can be quantied by examining the rate of decay of the slowest
eigenmode of the system of equations.
e role of this enhanced ux in cellular metabolism could be to in-
crease rates of molecular exchange between the central vacuole and the
layer of cytoplasm that surrounds it, thus aiding homeostasis by increas-
ing the ability of the vacuole to serve as a buering reservoir with respect
to the metabolic processes that take place in the cytoplasm, particularly in
the phase of cell development when growth is largest.
A key unknown surrounding this analysis is the appropriate choice of
magnitude of the Pe´clet number associated with this circulation. At the
height of cell development, the transverse velocity is only about 1% of the
velocity at the wall.e Pe´clet numbers associated with this circulation
would therefore lie somewhere in the range Pe∗ = 0.1 − 10, depending on
the metabolite that is considered. While this indicates that the eects of
the circulation could be just about signicant, the benets in terms of ux
associated with this range of Pe´clet numbers would in fact be quite small.
In summary, it appears that the helical streaming found in characean
algae does indeed provide a mechanism for enhancing metabolic rates,
thus to some extent mitigating the diusive limits associated with large
cell sizes. However, given the relatively lowmagnitude of the observed en-
hancements of uxes, these benets would be restricted to slowly diusing
metabolites, like larger proteins, with a diusion constant ofD ∼ 10 µm2/s.
Given this result it would be of interest to revisit the growth experi-
ments performed by Green (1954), which track the evolution of the helic-
ity of internodes during growth. We have set up a series of experiments
that measure cell size, helicity and streaming rate in a growing shoot by
imaging bottled plants with intervals of one day. With the results of these
experiments we hope to make a more detailed assessment of the extent to
which the observed enhancement of diusion could play a role in cellular
metabolism.
Returning to our initial question regarding the relation between dif-
fusion and cell size, it is important to note that most of the discussion
in this thesis has focused on ow and diusion inside the vacuole. e
thickness of the peripheral layer of cytoplasm, which houses all the cellular
organelles, lies somewhere in the range 5-50 µm.us when considering
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diusion in the cytoplasm specically, it appears that the diusion times
along the radial axis should not be all that dierent from those in typical
cells. However diusion should still be expected to be rate limiting along
the axis of streaming and perhaps even more so along the transverse axis.
A key question to be examined in future work is therefore how streaming
aects diusion inside the cytoplasm.
In order to develop a better understanding of how diusion functions
in the complex and highly crowded environment of the cytoplasm, a better
understanding of cytoplasmic rheology is needed. Our experiments using
injected beads suggest that the ow of the cytoplasm is noticeably non-
Newtonian. is injection protocol has now been developed to a point
where detailed studies of the interplay between streaming, diusion and
rheology are comingwithin reach of our capabilities. A combination of u-
orescent staining of the cytoskeleton, owmeasurements andmicrorheol-
ogy experiments could allow this system to serve as a test case for models
of myosin driving mechanics and cytoplasmic rheology.
e characean algae could present an excellent test-case for experi-
ments on diusion in the cytoplasm in the plant kingdom. Studies track-
ing diusion of uorescence-labelled proteins have largely focused on an-
imal cells and prokaryotes, where length scales are much shorter. With
its sheet-like structure, the characean cytoplasm has a comparatively sim-
ple geometry, potentially allowing new insight into how diusive displace-
ments scale with length in this crowded environment, ultimately helping
answer the question of what physical factors limit the size of cellular life.
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samenvatting
Levende organismen vertonen grote verschillen in afmetingen, maar bijna
alle individuele cellen zijn kleiner dan 100 µm.De vraagwaaromde grootte
van een typische cel zo weinig varie¨ert van soort tot soort is een van de
grote fundamenteel onopgeloste problemen in de biologie.
Een verklaring voor dit relatieve gebrek aan variatie in celgroottewordt
vaak gezocht in de fysische beperkingen waaraan chemische reacties op
cellulaire schaal onderhevig zijn. De verplaatsing van moleculen en eiwit-
ten in cellen verloopt via een serie onvoorspelbare diusieve bewegingen.
De tijd die nodig is voor deze diusieve verplaatsing neemt normaliter
kwadratisch toe met de afstand. Dit betekent dat wanneer een cel 10 keer
groter gemaakt wordt, de benodigde tijd voor verplaatsingen met een fac-
tor 100 toeneemt. Het feit dat zo weinig cellen groter zijn dan 100 µm zou
dus een aanwijzing kunnen zijn dat diusie overige grotere afstanden ‘te’
langzaam wordt, en daarmee een beperkende factor wordt voor het reg-
ulerende vermogen waarmee een cel homeostase handhaa, de stabiliser-
ing van de stofwisseling onder variabel gebruik en beschikbaarheid van
stoen.
In de laatste tientallen jaren is het steeds duidelijker geworden dat veel
transport processen in cellen niet geheel diusief verlopen. Cellen bevat-
ten een netwerk van moleculaire lamenten, het zogenaamde cytoskelet,
dat hoofdzakelijk bestaat uit relatief stijvemicrotubuli en de meer exibele
actine lamenten. Door gebruik van moleculaire motoren kunnen cellu-
laire objecten langs dit netwerk van kabels verplaatst worden en het cy-
toskelet functioneert hiermee als de infrastructuur voor een groot aantal
gerichte transport processen.
Deze doormoleculaire motoren aangedreven transport processen zijn
vaak het meest nadrukkelijk aanwezig in cellen met een uitzonderlijke
grootte. In veel gevallen neemt het transport in dit soort cellen de vorm
aan van een stabiele circulatie van de celvloeistof die cyclose (of in het En-
gels cytoplasmic streaming) genoemd wordt. Dit proefschri onderzoekt
de rol die deze circulatie kan spelen bij het verminderen van de traagheid
van diusief transport in grote cellen. Ons werk richt zich hierbij op het
mogelijk meest bekende voorbeeld van dit proces: de cyclose die plaats
vindt in de reusachtige cellen van de characeae.
De characeae, ook wel kranswieren genoemd, zijn algen die gevonden
worden op de bodem van ondiepemeren en plassen. De scheuten van deze
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plant-achtige algen zijn onderverdeeld in cylindrische segmenten, de zo-
genaamde internodie¨n. Deze internodie¨n zijn uitzonderlijk grote enkele
cellen, die met hun lengte van soms meer dan 10 cm tot de grootste in
de natuur behoren. De celvloeistof in de internodie¨n beweegt omhoog en
omlaag langs twee banden op het oppervlak van de cel. Deze banden zijn
doorgaans spiraalvormig waardoor het stromingspatroon op het opper-
vlak iets weg hee van het rood-witte patroon dat men vaak zit bij kap-
pers in anglo-saxische landen. Opmoleculair niveau wordt deze beweging
aangedreven door de verplaatsing van myosine motoren langs actine la-
menten. Hiermee wordt de inhoud van de buitenste laag celvloeistof, het
cytoplasma, langs de wand getrokken. Bijna alle cellulaire processen vin-
den plaats in deze dunne laag, die de structuur hee van een soort dikke
‘soep’ van eiwitten en organellen. Het merendeel van het volume van de
cel wordt echter ingenomen door het vacuole, een waterig compartiment
in het midden van de cel dat op passieve wijze meebeweegt met het cyto-
plasma aan de wand.
In hoofdstuk 3 bestuderen we deze vloeisto2eweging met als doel te
begrijpenhoe dit biologisch ontwerp precies het organisme tot nut is.Door
te kijken naar de symmetrie van het probleem zien we dat de spiraalvorm
van de banden, die eerder nog niet verklaard is, mogelijk een rol zou kun-
nen spelen in het versnellen vanmenging in de cel. De heliciteit be¨ınvloedt
op subtiele wijze het stromingsveld, dat twee circulatieringen vertoont die
afwezig zijn in een celmet een rechte, niet-spiraalvormige banden. De am-
plitude van deze secundaire component van het stromingsveld neemt toe
naarmate dewindingslengte vande banden korterwordt.Deze component
is vergelijkbaar met een vorm van circulatie die in verschillende andere
vloeistofstromingen wordt waargenomen en lijkt veel op de stroming die
in het dagelijks leven zichtbaar iswanneermen in hetmidden van een bord
soep blaast. Er treedt een stroming op door het midden, die zich splitst bij
de wand en dan in twee richtingen terug beweegt naar de andere zijde van
de cel.
Het patroon aan het oppervlak verandert gedurende de ontwikkel-
ing van de cel. De scheut van characeae groeit door celdeling in de top.
Een nieuwe internode maakt een buitengewone groei door, waarbij de
grootte van de cel toeneemt van 20 µm tot enkele centimeters in een peri-
ode van ongeveer een week. De spiraalvormigheid van de banden neemt
toe gedurende deze fase van snelle groei en neemt vervolgens weer af naar
mate de cel volwassenheid bereikt. Doordat de meeste voedingstoen ver-
bruikt worden in groeiende cellen, lijkt het aannemelijk dat de circulatie
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in volwassen cellen in de eerste plaats to doel heel het transport naar de
top van de plant te bevorderen. Het feit dat de heliciteit van de cel juist
het grootst is gedurende de fase van snelle groei suggereert dat deze eigen-
schap van de het stromingspatroon wellicht bijdraagt aan het handhaven
van homeostase doordat de menging van stoen in het vacuole wordt ver-
sneld.
De hypothese dat cyclose bijdraagt aan homeostase doormenging van
stoen in de cel te bevorderen is vaak naar voren gebracht in de literatuur.
In hoofdstuk 4 proberen we dit idee precies te maken voor de circulatie in
de internodie¨n van characeae. Onze bevinding is dat de secundaire stro-
ming die samengaatmet de heliciteit van de stroming inderdaad diusieve
processen zou moeten versnellen, alhoewel zorgvuldige analyse nodig is
als het er om gaat te bepalen in hoeverre dit de stofwisseling van de cel
tot nut kan zijn. Om een zo simpel mogelijke maat te vinden voor de in-
vloed op transporttijden kijken we naar de respons van de concentratie in
het midden van de cel na een plotselinge verandering van de concentratie
aan te buitenkant. De secundaire stromingscomponent duwt aan een zijde
vande cel de naar binnendiunderende stoen tegen dewand, terwijl deze
aan de andere zijde naar binnen worden getrokken. Samen resulteren deze
twee eecten in een verscherping van de gradie¨nten in de concentratie bij
de wand, wat een hogere ux van stoen en daarmee een versnelling van
de respons tot gevolg hee. De grootte van de eect is echter betrekke-
lijk bescheiden. De secundaire circulatie zou daarom vooral verspreiding
van zeer langzaam diunderende objecten bevorderen, zoals relatief grote
eiwitten. Het is hierdoor nog niet duidelijk in hoeverre de cel inderdaad
baat kan hebben bij mechanismen die we hier ge¨ıdenticeerd hebben, met
name ook omdat de precieze inhoud van het vacuole in de fase van groei
niet bekend is.
Naast onze theoretische behandeling van de circulatie van het cyto-
plasma hebben we experimenten ontwikkeld om de vloeistofstroming en
zijn invloed op transport te meten. De resultaten van deze experimenten
zijn weergegeven in hoofdstuk 5. Onze op NMR methoden gebaseerde
metingen laten vertonen een uitzonderlijk goede overeenkomst tussen de
voorspellingen op grond van onze hydrodynamische analyse en het geme-
ten stromingsveld in het vacuole. Nog preciezeremetingen in de buurt van
de wand konden worden verkregen door injectie van uorescente deel-
tjes. Het stromingsveld in deze metingen vertoont een afwijking van onze
voorspelling voor een gewone vloeistof in de buurt van de wand, die mo-
gelijk een afspiegeling is van de mechanische eigenschappen van het cy-
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toplasma. Deze experimenten bieden uitzicht op toekomstig onderzoek
naar de reologische eigenschappen van het cytoplasma, de onderliggende
aandrijvingsprocessen van de circulatie, en de aard van diusief transport
in deze dichte omgeving. Uiteindelijk kunnen deze onderzoekingen ons
inzicht bieden in de fysische eigenschappen van stoentransport in cellen
en ons dichter bij een antwoord brengen op de vraag welke evolutionaire
processen geleid hebben tot de ontwikkeling van de celgroottes diewe van-
daag de dag in te natuur waarnemen.
summary
Whilst living organisms on this earth exist in a great variety of sizes, the
vast majority of cells found in nature are smaller than 100 µm. Why this
typical cell size is so similar across species is one of the fundamental un-
solved problems in biology.
It has long been suggested that this relatively well-preserved length
scale results from physical limitations on the chemical reactions that sus-
tain cellular life.Molecules andproteins in a cell undergo a randommotion
known as diusion. As the cell size increases, so does the time required for
this randommotion to transport ametabolite. Typically, this time scale in-
creases quadratically with the length, so if the cell size increases by a factor
10, the time for diusion increases by a factor 100.us the fact that few
cells exceed a size of 100 µm could signify that diusion becomes ‘too’ slow
beyond this size, thereby hampering the precise control mechanisms that
allow a cell to maintain homeostasis, the stabilisation of cellular processes
under uctuating availability and demand of metabolites.
In recent decades it has become increasingly apparent thatmany trans-
port processes inside cells are in fact not purely diusive. Cells possess a
cytoskeleton, a mesh of molecular laments whose main components are
the relatively rigidmicrotubules and the more exible actin laments.is
cytoskeleton forms the backbone for a variety of types of directed trans-
port driven by molecular motors, specialised proteins that can transport
structures through the cell by moving along these laments.
It is precisely in cells of exceptionally large size thatmotor-driven trans-
port tends to manifest most clearly. In many cases this transport takes the
formof a continuous circulation known as cytoplasmic streaming.is the-
sis explores how this circulation can help mitigate the limitations of dif-
fusive transport in large cells, by examining the hydrodynamics of what
is perhaps the best known example of this phenomenon: the rotational
streaming found in the giant cells of the characean algae.
e characean algae are weeds that grow on the bottom of shallow
lakes and ponds.eir shoots are divided into cylindrically shaped seg-
ments known as internodes.ese segments are giant single cells whose
lengths can exceed 10 cm, placing them among the largest cells known in
nature.e cellular uid inside these cells moves up and down along two
bands, which tend to spiral around each other, much like the red andwhite
ribbon on a barber pole. At a molecular level, this motion is generated by
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the movement ofmyosinmolecular motors along actin laments that line
the cell wall.is process takes place inside a thin peripheral layer known
as the cytoplasm, which has a structure somewhat like a dense ‘soup’ of
proteins and organelles. While most of the metabolic processes take place
in this outer layer, the bulk of the cellular volume is occupied by a central
storage compartment known as the vacuole, whosewatery contents exhibit
a passive ow prole as a result of the motion at the periphery.
In chapter 3 we analyse this uid motion with the aim of understand-
ing how its design provides benet to the organism. Examination of the
symmetry of the ow problem reveals that the twist in the bands, whose
existence is otherwise unexplained, may serve to improve mixing in the
cell.e helical twist has a subtle eect on the ow eld, which exhibits
two secondary circulation loops whose strength increases with the helical
pitch.is circulation moves through the centre of the cell, splitting and
reversing along the boundary.is basic pattern of ow occurs in a variety
of uid problems and can be observed in every day life as the circulation
that results from blowing into the centre of a plate of soup, or a cup of tea.
e pattern of ow in internodes evolves over the course of cellular
development. Characean shoots grow by cell division at the tip. A newly
formed internode undergoes an extraordinary expansion from a length of
20 µm to several centimetres in the space of about one week. During this
phase of rapid growth a twist develops in the bands that slowly unwraps
again as the cell matures. Since most nutrients are consumed in growing
cells, a likely purpose of streaming in mature cells is to simply act as a
conveyor belt of sorts that serves to enhance the ow of nutrients towards
the tip.e fact that the helical pitch increases precisely during growth
suggests that this feature of the owmay aid homeostasis by homogenising
concentrations in the bulk of the cell.
e hypothesis that streaming enhances homeostasis by improving in-
tracellular mixing has oen been raised in literature. In chapter 4 we aim
to quantify this notion in the case of the secondary circulation predicted
in the characean internode. We nd that this circulation should indeed
be expected to enhance diusive transport, but that careful analysis is re-
quired to determine the extent of the benets it may confer to a cell. As
a simplest measure of the eect on transport rates, we look at the time it
takes for the concentration in the centre of the cell to adjust to a change
in concentration at the boundary.e eect of the circulation is that ma-
terial diusing into the cell is pushed against the boundary on one side of
the cell, and carried into the centre at the other side. Together, these two
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eects help maintain concentration gradients that are higher than those
present in cells with straight non-twisting bands, where the secondary cir-
culation is absent. Since the ux of nutrients is directly proportional to the
concentration gradient, this results in an enhanced response. However, the
magnitude of this eect is modest.e circulation should therefore be ex-
pected primarily to play a role for very slowly diusing structures, such as
large proteins.us, it is not yet clear to what extent the cell is able to de-
rive benet from themechanisms identied in chapter 4, particularly since
the exact contents of the vacuole during development are poorly known.
In parallel to our theoretical treatment of cytoplasmic streaming, we
have developed experiments to measure the ow proles inside cells and
study its eect on transport.e results of these experiments are presented
in chapter 5. Flow measurements based on NMR methods reveal an ex-
tremely good correspondence between our hydrodynamic predictions and
the measured ow eld in the vacuole. Even more detailed localised mea-
surements can be obtained by the injection of uorescentmicrospheres. In
the ow near the boundary, these measurements a deviation from prole
predicted for a normal viscous uid. We hypothesise this to be a signature
of the viscoelastic properties of the outer layer of cytoplasm.ese exper-
iments lead into future investigations of the mechanic properties of the
cytoplasm, the generation of the streaming motion, and the nature of dif-
fusivemotion in this crowded environment. Ultimately, this can inform us
about the physical limitations of metabolite diusion inside cells, allowing
us to begin to identify and understand themechanisms that have governed
the evolution towards the typical cell sizes we observe in nature today.
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